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I.  INTRODUCTION 


The  Army  has  long  recognized  the  need  and  desirability  of  developing  a  fuel 
that  could  Increase  the  payload  capabilities  and  extend  the  operational 
range  of  both  its  tactical  and  combat  vehicles.  The  development  of  such 
a  fuel  or  fuels  would  need  to  be  conventional  enough  that  they  could  be 
used  in  present  and  future  Army  vehicles,  yet  novel  enough  that  they  contain 

the  high-energy  (per  unit  volume)  requirement  necessary  to  fulfill  the  need. 

(1  )* 

The  Army  Scientific  Advisory  Panel,  in  its  Summer  Study  76,  recommended 
a  research  program  on  high-energy  fuels. 


II.  BACKGROUND 

The  Air  Force  and  Navy  are  also  interested  in  high-energy  (high-density) 

fuel  development.  The  Air  Force  at  its  Aero  Propulsion  Laboratory  at  Wright- 

Patterson  Air  Force  Rase  has  been  actively  evaluating  hydrocarbon  blends 

that  are  potential  performance  Improvers  for  its  air-breathing  type  missile 

systems.  This  class  of  fuel  would  be  exceptionally  good  for  use  in  the 

(2) 

strategic  cruise  missile  whose  maximum  effectiveness  depends  on  maximum 
range,  minimum  time  to  reach  the  target,  and  minimum  weight.  Since  small 
missiles,  such  as  the  cruise,  are  volume  limited.  It  is  imperative  that 
the  fuel  contains  a  high-energy  content  per  unit  volume.  In  general,  an 
increase  in  the  volumetric  energy  content  of  a  fuel  will  result  in  the  range 
of  the  missile  being  Increased  by  a  like  percentage.  Although  there  are 
several  ways  available  to  Increase  the  energy  content  of  a  given  quantity 
of  fuel,  the  most  applicable  for  missile  use  is  to  increase  the  fuel's  density. 

Recause  the  Air  Force's  aircraft  are  often  operating  under  extremely  cold 
temperatures,  both  on  the  ground  and  at  high  altitudes,  they  require  a  fuel 
of  low  viscosity  and  high  volatility.  This  volatility  requirement  results 
in  the  fuel  having  a  low  flashpoint.  JP-4  has  thus  far  satisfied  their 
needs . 

^Superscript  numbers  in  parentheses  refer  to  the  list  of  references  at  the 
end  of  this  report. 
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For  example,  the  Air  Force's  Air  Launched  £ruise  Missile  (ALCM)  Is  designed 
to  be  carried  under  the  wing  of  the  B-52  aircraft  and  requires  a  fuel  that 
can  be  operational  at  low  temperatures.  On  the  other  hand,  the  Navy  must 
carry  its  fuel  aboard  Its  ships  and  has  been  using  JP-5.  This  fuel  meets 
the  Navy's  minimum  flash  point  requirement  of  bO°C  (140®F)  (MIL-T-5624). 

It  follows  that  the  fuel  for  the  Navy's  Sea  Launched  Cruise  Missiles  (SLCM) 
must  meet  this  safety  requirement  of  a  minimum  flash  point  of  60°C  for  all 
fuels  carried  on  board  ship.  Research  on  high-density,  high-energy  liquid 
hydrocarbon  fuels  by  the  Air  Force  and  Navy  continues.  This  work  la  being 
closely  monitored  by  the  U.S.  Army.  A  few  of  these  fuels  that  may  be  of 
interest  to  the  Army  are  described  later. 


Til.  APPROACH 

In  the  Array's  program,  a  selective  list  was  prepared  of  viable  candidate 
fuels  that  could  possibly  be  developed  Into  a  fuel  that  could  increase  the 
payload  capabilities  and  extend  the  operating  range  of  tactical  and  combat 
diesel/turbine  ground  vehicles.  In  general,  the  candidate  fuels  fell  into 
two  classes:  (a)  the  synthetic  liquid  hydrocarbon  fuels  of  the  polycondensed 
cycloparaf f inic  type;  and  (b)  powdered  sollds/hydrocarbon  slurries.  The 
dispersed  solid  could  be  either  metallic  (aluminum,  boron,  beryllium,  etc.) 
or  nonmetallic  (carbon). 

From  the  above  mentioned  list,  several  prime  candidates  were  selected  for 
further  development  and  testing.  The  selection  was  made  on  certain  imposed 
criteria  and  judgment  and  certain  laboratory  tests.  The  viable  candidates 
were  judged  on  their  probability  of  success  in  such  cases  as  volumetric 
energy  content,  ease  of  fuel  preparation,  fuel  delivery,  engine  performance, 
combustion  effectiveness,  toxicity,  cost,  etc.  Consideration  was  also  given 
to  problem  areas  and  the  difficulties  that  might  be  incurred  in  solving 
them. 

Other  fuel  candidates  that  may  emerge  and  have  the  potential  of  becoming 
prime  candidates  will  he  evaluated  during  the  course  of  this  program. 
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TV .  TECHNICAL  PROGRAM 


A.  SYNTHETIC  LIQUID  HYDROCARBON  FUELS — DESCRIPTION 
1  •  Shelldyne-11  (RJ-5) 

One  of  the  first  high-density  fuels  studied  wa9  of  a  polycondensed  cycloparaf f ic 
type  called  Shelldyne-R.  This  liquid  hydrocarbon  fuel  is  formed  by  the 
catalytic  dimerization  of  norbornadiene  followed  by  hydrogenation  to  produce 
several  stereospecific  isomers  (See  Figure  1).  First  produced  by  Shell 
Development  Company  in  the  late  1950s,  it  has  since  been  made  by  Sun  Ventures 
(Suntech)  and  is  currently  being  produced,  under  license,  by  Ashland  Chemical 
Company. 

The  typical  concentration  range  for  the  Shelldyne-H  product^3^  is  55-75 

wt%  of  Isomer  I,  16-22  wtX  of  Isomer  II,  and  9-20  wt%  of  Isomer  III.  There 

is  evidence  for  a  fourth  isomer,  but  if  present,  it  would  probably  be  less 
(3  4 ) 

than  one  percent  ’  .  The  physical  and  chemical  analyses  of  a  sample 
of  Shelldyne-H  were  reported  in  Table  I  of  Reference  3,  and  that  table  is 
shown  here  as  Table  1.  The  product  now  called  RJ-5,  and  the  Isomer  distribution 
has  changed  somewhat  from  the  original  product,  especially  in  the  Suntech 
product. 

TABLE  1.  SHELLOYNE-H  CHEMICAL  AND  PHYSICAL  ANALYSIS 
(Lot  No.  11410-103) 


Property _  Value 


Density  15.6°C(60°F) 

gram8/cc  1.082 

pounds/gal.  9.031 

Viscosity,  cP  at 

-53 .9°C(-65°F)  18,761 

-40.0°C(-40°F)  2,336 

-31.7°C(-25°F)  911 

Net  Heat  of  Combustion, 

Btu/lb  17,755 

Btu/gal.  160,347 


Flash  Point,  °C(,’F) 
Molecular  Formula 
Freezing  Point, °C(°F) 
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111.1  (232) 

Cl4«18 

-53.9(-65) 


FIGURE  I.  PREPARATION  AND  COMPOSITION  OF  SHELLDYNE-H 


Table  1  shows  that  the  viscosity  of  Shelldyne-H  Is  relatively  high,  especially 
at  the  low  temperatures  that  might  be  experienced  in  its  use.  However, 
it  can  for  practical  applications  be  blended  with  other  materials,  especially 
since  it  has  a  high  volumetric  heat  of  combustion  and  would  increase  the 
volumetric  enthalpy  of  almost  all  resulting  blends. 

2 .  Jp-10  (Exo-Tetrahydrodicyclopentadlene) 

Dicyclopentadlene,  the  starting  material  for  the  preparation  of  JP-10  can 
be  obtained  from  the  aromatic  oils  that  are  produced  when  certain  hydrocarbons 
are  cracked  to  olefins. Exo-tetrahydrodicyc lopentadlene  (JP-10)  can 
be  prepared  by  hydrogenating  dicyclopentadlene  to  yield  endo-tetrahydrodi- 
cyclopentadiene.  In  the  presence  of  a  special  catalyst,  this  material  can 
be  isomerized  to  yield  almost  exclusively  the  exo-isomer  (Figure  2  and  Table 
2). 


3.  JP-9 

The  Air  Force  has  several  critical  specifications  for  the  fuel  used  in  the 
(5) 

ALCM.  The  high  altitude  encountered  in  this  missile's  flight  requires 
a  freezing  point  below  -53.9®C  (-65°F),  and  the  viscosity  must  be  no  more 
than  AO  cSt  at  -53.9°C  to  ensure  its  flow  and  pumpabillty.  The  fuel  must 
be  storable  for  at  least  5  years  and  still  perform  as  expected,  and  it  cannot 
have  any  aromatic  components.  Lastly,  a  high  volatility  is  required,  since 
missile  may  be  launched  at  high  altitudes,  and  ignition  would  otherwise 
be  difficult. 

JP-10  would  be  acceptable  as  the  fuel  for  these  cruise  missiles  except  for 
the  high  volatility  requirement.  The  addition  of  methylcyclohexane  to  JP- 
10  in  an  amount  sufficient  to  provide  the  required  volatility  reduces  the 
overall  fuel  heating  value  significantly.  To  offset  this  negative  effect 
on  the  volumetric  heating  value,  a  certain  quantity  of  RJ-5  is  added,  so 
that  the  resulting  blend  meets  the  fuel  requirement  for  the  ALCM.  This 
three-component  blend  of  JP-10  (65-70  wtX),  RJ-5  (20-25  wt%),  and  raethylcyclohexa 
(10-12  wt%)  is  now  called  JP-9.  The  chemical  and  physical  requirements, 
along  with  the  test  methods  [MIL-P-R7107A  (USAF)J,  for  both  JP-9  and  JP- 
10  are  Included  in  Appendix  A. 


TABLE  2.  TYPICAL  PROPERTIES  OF  JP-LO 


S 

Exo-tet  rahydrodicyclopentadiene  (CioHl(i) 
[JP-10] 


Molecular  Weight 

136.2 

C:H  Ratio 

0.62 

Specific  Gravity 
at  15.6°C  (60°F) 

0.94 

Heating  Value, 

Btu/gal. 

142,000 

Viscosity,  cSt  at 
-40°C  (-40°F) 

19 

Freezing  Point,  "C  (°F) 

-78.9  (-110) 

Flash  Point,  °C  (°F) 

57.2  (135) 

4.  RJ-4 


Another  high-denslty  liquid  hydrocarbon  fuel  of  this  type  is  RJ-4.  This 
fuel  wa9  developed  specifically  for  the  Navy's  cruise  missile,  Taloe,  as 
a  replacement  for  JP-5.  It  can  be  synthelzed  from  di-(methylcyclopentadlene) 
by  hydrogenation  to  yield  a  mixture  of  the  isomers  of  endo-  and  exo-tetrahydro- 
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dimethylcyclopentadiene.  Because  of  its  availability,  relatively  low 

cost,  medium  heating  value  (140,000  Btu/gal.),  and  medium  viscosity  (60 
cSt  at  -40°C),  and  because  it  had  been  used  successfully  in  the  Talos  missile 
for  over  10  years,  RJ-4  was  recommended  as  the  fuel  for  the  General  Ordnance 
Ram  let  Engine  (G0RJE)  in  1973. 

5.  RJ-4-I 


Related  to  RJ-4  is  RJ-4-I  (RJ-4  special),  which  contains  a  larger  amount 

of  the  exo-isomer  of  tetrahydrodlmethyldlcyclopentadiene.  RJ-4-I  has  a 

much  lower  viscosity  (28  cSt  at  -40#C)  and  freezing  point  (-51°C)  than  the 
(7  8") 

RJ-4.  ’  Some  of  the  more  Important  properties  of  RJ-4  and  RJ-4-I  are 

compared  with  Referee  Grade  Diesel  Fuel  {MIL-F-46162A  (MR)]  in  Table  3. 

6.  JP-10  Microemuls ions 


In  mid-September  1978,  three  samples  of  translucent  microemulsion  type  fuels 
were  prepared,  consisting  of  84  percent  JP-10,  10  percent  deionized  water, 
and  6  percent  emulsifying  agent.  A  similar  microemulsion  of  DF-2  and  water 
is  currently  under  development  by  the  Army  and  is  showing  great  promise 
as  a  fire-resistant  fuel.  Thus,  the  JP-IO/H20  microemulsion  fuels  were 
prepared  to  see  if  any  fire-resistant  properties  might  be  Imparted  to  this 
fuel.  The  results  of  the  High-Explosive  Incendiary  Tracer  Tests,  Impact 
Dispersion  and  Mist  Flash  Back  Tests  are  described  in  Section  IV-C.  In 
the  JP-IO/H2O  microemulsions,  three  different  emulsifying  agents  were  used, 
all  similar  in  type,  but  with  varying  acid  numbers.  The  agents,  designated 
as  EA-8,  EA-12,  and  EA-37,  had  acid  numbers  of  approximately  14,  18.5,  and 
■>20,  respectively.  All  three  were  visually  stable  (no  settling)  for  1  year. 
After  15  months,  sedimentation  began  to  occur  with  the  microemulsions  prepared 
with  EA-12  and  EA-37.  To  date  (after  15  months),  the  microemulsion  prepared 
with  EA-8  is  still  stable,  as  shown  in  Figure  3. 

7 .  Other  Fuels 


High-energy  fuels,  such  as  RJ-5,  RJ-4,  and  JP-10  can  be  blended  with  each 
other,  or  with  other  components,  in  order  to  achieve  the  properties  for 
a  particular  application.  Research  in  this  area  continues.  A  good  example 
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FIGURE  ?.  VISUAL  COMPARISON  OF  JP- 10/WATER  MICROEMULSIONS 
PREPARED  WITH  DIFFERENT  EMULSIFYING  AGENTS. 

EA-8 ,  EA-12,  AND  EA-37. 


is  a  blend  of  80  percent  RJ-5  and  20  percent  iso-butylbenzene.  This  blended 

fuel  is  being  used  in  the  Advanced  Long  Range  Air  to  Air  Missile  (ALRAAM) 

(9)  ~  ~ 

and  is  known  as  SI-80.  Another  example,  mentioned  earlier,  is  JP-9. 


8.  Summary 


As  previously  stated,  the  volumetric  heat  content  of  the  fuel  can  be  raised 
by  increasing  the  fuel's  density.  It  was  found  that  the  bridged  alicyclic 
structures,  like  those  found  in  RJ-5  and  JP-IO,  increase  both  the  density 
and  the  volumetric  heat  content.  The  comparison  of  the  typical  properties 
and  chemical  composition  of  liquid  hydrocarbon  high-energy  fuels  (RJ-5, 

JP-9,  JP-10,  and  RJ-4)  with  common  jet  fuels  (JP-4,  JP-5)  was  made  in  Reference 


6.  Table9  1  and  2  from  that  reference  are  combined  and  presented  as  Table 
4,  In  which  Army  DF-2  diesel  fuel  is  also  shown.  Although  JP-4  and  JP-5 
have  average  molecular  weights  similar  to  JP-9  and  IP-10  (as  seen  in  Table 
4),  the  higher  carbon-to-hydrogen  ratios  and  higher  densities  in  the  latter 
give  a  substantial  increase  in  the  volumetric  heat  content  (13  to  20  percent).^ 
In  general,  fuels  with  aromatic  and  naphthenic  ring  structures  have  low 
volumetric  heating  values,  even  Lhough  their  C:H  ratio  might  be  very  high. 

Another  method  to  increase  the  energy  content  of  the  fuel  Is  to  add  fairly 
dense  solids  with  higher  volumetric  heating  values.  Powdered  raetal/hydrocarbon 
slurry  has  been  investigated  in  the  past,  mainly  in  attempting  to  find 
promising  fuel  with  a  high  gravimetric  heat  of  combustion.  Slurries  containing 
the  elements  beryllium,  boron,  carbon,  magnesium,  aluminum,  silicon,  phosphorus, 
titanium,  yttrium,  zirconium,  cerium,  and  tungsten  have  all  been  investigated. 

The  upper  limit  for  liquid  hydrocarbon  fuels  is  about  170,000  Btu/gal.  (Figure 
4),  although  most  of  the  new  mult icyc 11c,  bridged-ring  structures  are  in 
the  range  of  140,000  to  160,000  Btu/gal. 

B.  CARBON  SL0RRIF.S— PREPARATION  AND  DESCRIPTION 

1.  Carbon/Synthetic  Liquid  Hydrocarbon  Slurries 


The  probability  of  finding  or  synthesizing  a  missile  fuel  with  higher  volumetric 
heat  content  and  acceptable  properties  (i.e.,  viscosity,  pour  point,  etc.) 
than  those  presently  used  is  low.  The  renewed  Interest  in  slurried  fuels 
can  be  attributed  to  the  recognition  of  this  fact.  The  Air  Force  has  funded 
a  slurried  fuel  program  because  of  the  high  potential  benefits  of  utilizing 
high-energy  fuels  in  volume-limited  vehicles.  The  Air  Force  has  found  that 
the  targeted  value  of  180,000  Btu/gal.  (net)  could  be  achieved  with  65  wt% 
carbon  black  and  35  wt%  JP-10  (^50/50  by  volume). (10) 
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TABLE  4.  COMPARISON  OF  THE  COMPOSITION  AND  TYPICAL  PROPERTIES  OF 
JP-4 ,  JP-5 ,  and  DF-2  WITH  VARIOUS  SYNTHETIC  HIGH-ENERGY  FUELS 
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FIGURE  A.  THE  NAVY'S  LIQUID  HYDROCARBON  FUELS 


NET  AHV  (MBTU/GAL) 


Figure  5  shows  the  net  effect  of  carbon  black  dispersion  dfi  the  net  volumetric 
heat  of  combustion  in  RJ-5  and  JP-10,  and  is  reproduced, here  from  Reference 
10. 

«» 


FIGURE  5.  CARBON  SLURRY  FUELS  NET  VOLUMETRIC  HEAT  OF  COMBUSTION 
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Carbon/Dlesel  Fuel  Slurries 


? . 


a.  Carbonaceous  Materials  (Sources  and  Background) 

At  the  Army  Fuels  and  Lubricants  Research  Laboratory  (AFLRL),  carbon  slurries 
have  been  prepared  mainly  In  diesel  fuel.  Table  5  lists  various  carbonaceous 
materials  that  were  considered  for  use  In  the  preparation  of  carbon  slurries. 

Of  the  petroleum-derived  channel  blacks,  Superspectra  and  Superba,  Superba 
is  no  longer  manufactured.  Raven  410,  1000,  and  1170  are  furnace  blacks. 

A  brief  description  of  some  of  the  carbonaceous  material  listed  In  Table 
5  Is  Included  In  this  section.  The  ash  and  heating  values  were  determined 
at  AFLRL  using  ASTM  D  482-79  and  ASTM  D  240-76. 

Carbon  samples  from  a  variety  of  sources  were  obtained.  One  source  of  carbon 
is  petroleum.  Its  production  is  usually  based  on  the  heavy  residual  oils 
from  the  solvent  extraction  process  and/or  vacuum  distillation  step.^^ 

Several  types  of  carbon  blacks  are  possible,  depending  on  the  process  by 
which  they  are  made. 

Furnace  black  is  the  result  of  Incomplete  combustton,  and  its  formation 
takes  place  under  controlled  turbulence  conditions-  The  thermal  black  Is 
produced  from  a  cyclic  process.  In  the  absence  of  oxygen,  where  hot  checker 
bricks  are  used  to  thermally  decompose  the  natural  gas  from  which  it  is 
being  made.  The  carbon  particles  are  large. 

The  channel  black,  so  called  because  of  the  steel  channels  that  chill  the 

gas  flame  and  from  which  It  is  then  collected,  yields  the  smallest  particles 

( 12 ) 

and  has  the  best  tinting  power.  It  is  an  incomplete  combustion  process 

and  the  black  is  exposed  to  oxidizing  temperatures  after  its  formation. 

Lampblack  (soot),  formed  from  the  incomplete  combustion  of  carbonaceous 

materials,  is  4  erlor  in  its  tinting  strength  and  coloring  qualities  when 

(13) 

compared  to  the  ther  blacks.  This  type  of  carbon  sample  was  not  examined 

since  It  may  vary  in  its  purity;  It  was  desirable  to  study  the  more  homogeneous 
samples . 
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Wood  charcoal  Is  formed  by  the  destructive  distillation  of  wood. 

Lignite,  often  called  "brown  coal,"  is  a  low-grade,  brownish-black  coal 

closely  related  to  peat.  When  mixed,  the  coal  contalne  20  to  45  percent 

moisture  and  has  a  heating  value  between  5500-8300  Btu/lb.  The  principal 

lignite  deposits  In  the  United  States  are  in  the  Dakotas,  Montana,  Texas, 

(14) 

Louisiana,  Mississippi,  and  Arkansas. 

Graphite,  abundant  naturally  in  deposits  of  varying  purity  in  many  places 

in  the  world  (Madagascar,  Ceylon,  Mexico,  etc.),  can  also  be  produced  synthetically 

by  heating  petroleum  coke  to  3000°C  in  an  electric  resistance  furnace.  It 

is  characterized  by  its  crystalline  allotropic  form  of  carbon  in  a  hexagonal 

(14) 

arrangement  of  carbon  atoms. 

From  the  list  in  Table  5,  AFLRL  selected  a  furnace  black  (Raven  1170)  and 
a  wood  charcoal  (fine)  for  further  study  of  fuel  slurries.  The  selection 
was  made  after  a  careful  study  of  the  properties,  availability,  and  cost 
of  the  carbons,  a  review  of  the  literature,  and  consultation  with  technical 
personnel  from  several  of  the  carbon  black  manufacturers. 

b.  Preparation,  Material  and  Technique 

(l)  Mixing  (and  grinding) 

(a)  Types  of  Mixing  Devices 

Essentially  all  slurry  fuels  were  prepared  using  diesel  fuel  as  the  base 
fuel.  Four  types  of  mixing  devices  were  tested  during  the  program.  Described 
below,  these  devices  included  a  magnetic  stirrer,  blender,  horaogenizer , 
and  an  attrltor. 

[1J  Magnetic  Stirrer  and  Bar 

In  the  early  phase  of  the  program,  the  magnetic  stirrer  and  bar  was  used. 

This  device  was  adequate  for  some  of  the  small  preparations  and  screening 
experiments.  The  magnetic  stirrer  was  Fisher  Scientific's  Round  Flexa-Mix, 


which  operates  at  speeds  from  near  standstill  (at  "low"  setting)  to  maximum 
speed  of  1650  rpm  under  maximum  load.  It  Is  capable  of  2700  rpra  without 
load  at  the  "high”  setting. 

(2)  Blender 

A  Waring  blender  with  a  940  milliliter  mixing  vessel  And  speeds  exceeding 
20,000  rpm  was  tried.  Its  use  was  limited  because  of  small  working  capacity 
(<500  milliliters)  and  numerous  problems  with  air  entrainment. 

[3]  Horaogenlzer 

Also  utilized  was  the  Gifford  Wood  Homogenlzer-Mixer  manufactured  by  Gifford 
Wood,  Inc.,  Hudson,  New  York,  which  employs  a  turbine-stator  mechanism  to 
create  stable  emulsions  and  suspensions.  As  the  turbine  rotates  at  high 
speeds,  a  pressure  differential  Is  created  between  the  bottom  of  the  mixing 
head  and  the  material  charged.  This  differential  causes  the  unrefined  product 
to  be  drawn  continuously  from  the  bottom  and  forced  through  very  restricted 
passages  existing  between  the  stator  and  turbine.  The  product  Is  broken 
down  to  smaller  particle  sizes  by  the  Intense  forces  of  impact  and  hydraulic 
shear.  This  process  Is  followed  by  the  discharge  of  the  product  In  an  upward 
direction  against  a  baffle  adjusted  to  deflect  the  rising  current  toward 
the  vessel's  side;  the  product  then  falls  back  into  the  mixing  area,  where 
the  cycle  is  repeated. 

The  horaogenlzer-mlxer  could  be  run  at  speeds  greater  than  12,000  rpm.  However, 
several  problems  were  encountered  with  the  homogenlzer.  The  vigorous  mixing 
action  caused  the  temperature  of  the  slurry  tc  rise,  and  corrective  measures 
had  to  be  taken  (ice  hath  around  slurry,  or  off-tlme  to  permit  cooling) 
during  Its  operation.  Air  entrainment  was  also  encountered. 


(4)  Attrltor 

The  attrltor  Model  No.  1-S  manufactured  by  Union  Process,  Inc.,  Akron,  Ohio 
was  the  roost  versatile  device  for  slurry  preparation.  The  Attrltor  has 
a  stationary  grinding  tank  (9.5  liters  (2.5  gal.)  capacity]  that  Is  filled 
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to  a  workable  level  with  0.48  cm  (3/16  In.)  carbon  balls  as  a  grinding  medium. 

An  agitator,  capable  of  speeds  to  550  rpm,  keeps  the  whole  charge  In  a  continuously 

agitated  condition  that  results  in  intensive  interaction.  A  jacket,  which 

surrounds  the  stationary  grinding  tank  to  provide  temperature  control,  can 

be  heated  or  cooled  as  desired.  The  attrltor  Is  equipped  with  facilities 

for  discharging  by  dumping,  but  It  also  has  a  bottom  discharge  ball  valve 

that  is  more  convenient  and  more  commonly  used.  The  average  size  of  the 

batch  preparation  is  approximately  four  liters. 

(b)  Experimental 

A  series  of  experiments  were  conducted  to  compare  these  mixing  devices  on 
the  basis  of  their  effectiveness  in  the  preparation  of  stable  slurries. 

Settling  data  were  collected  and  used  as  the  criteria  for  determining  stability, 
and  hence  effectiveness,  of  the  mixing  apparatus.  All  the  slurries  were 
of  the  same  composition  (20  percent  carbon  black,  l  percent  lecithin  in 
DF-2);  all  were  mixed  the  same  length  of  time  (30  minutes);  and  all  were 
allowed  to  sectle  for  the  same  period  (48  hours).  Because  of  the  many  variables 
involved,  some  Judgments  regarding  the  conditions  under  which  the  experiments 
were  run  were  necessary.  A  carbon  concentration  of  20  percent  was  selected 
because  previous  work  had  shown  that  stable  slurries  could  be  prepared  at 
this  concentration.  Slurries  with  carbon  concentration  less  than  20  percent 
are  not  as  desirable  for  useful  application,  while  flow  properties  become 
a  problem  at  the  higher  carbon  concentrations.  The  30-minute  mixing  time 
was  chosen  because  studies  with  the  attrltor  had  Indicated  that  this  length 
of  time  was  adequate  for  the  preparation  of  slurries.  The  settling  time 
of  48  hours  was  selected  because  it  would  give  a  good  indication  of  the 
slurry's  stability  over  a  reasonable  time  frame. 

The  settling  was  measured  by  freezing  a  tubular  section  of  the  slurry  and 
dividing  it  Into  sections  to  be  analyzed,  a  method  discussed  in  a  subsequent 
section  of  this  report.  The  data  are  tabulated  in  Appendix  C  and  illustrated 
graphically  In  Figure  6.  These  results  show  that  the  blender  Is  the  most 
effective,  followed  closely  by  the  attrltor  and  the  homogenizer.  The  magnetic 
stirrer  was  found  to  be  inferior  to  the  other  devices.  The  attrltor  was 
selected  to  do  most  of  the  mixing  in  the  slurry  preparation  work  because 
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of  Its  capacity  (4-liter  charge)  and  its  ease  of  preparation  (can  be  run 
unattended) . 

(2)  Carbon 

(a)  Selection 

The  two  carbons  chosen  for  the  slurry  preparations  were  a  furnace  black 
(Raven  1170)  and  a  wood  charcoal.  The  properties  of  these  two  carbons  are 
shown  In  Table  6.  Raven  1170  is  an  industrial  product  manufactured  by  the 


TABLE  6.  PROPERTIES  OF  CARBONS  SELECTED  FOR  SLURRY  PREPARATIONS 


_ Raven  1170 _ 

H  ,  Btu/lb  x  103 
c 

Ash,  wt% 

Particle  Diameter,  NM 

Specific  Gravity,  Approx. 

Pounds  Per  Solid  Gal. 

Fixed  Carbon  Analysis, % 
(Moisture  Free) 

Volatile  Matter, % 

(Moisture  Free) 

Surface  Area,  sq.  mecers/g 


Columbian  Dlv.,  Cities  Service  Co. 
13.9 
0.5 
24.0 
1.80 
15.00 
99.0 


1.0 


102.0 


_ Wood  Charcoal 

Hc,  Btu/lb  x  103 
Ash,  wt% 


Matheson,  Coleman  and  Bell 
13.3 
2.8 


Columbian  Division  of  Cities  Service  Company  with  a  mean  particle  diameter 
of  24  nm.  Actually,  the  particles  are  clustered  in  groups  of  50  to  100 
or  more  units,  and  the  diameter  stated  is  that  of  the  individual  unit. 

; ; 
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The  diameter  of  the  agglomerate  Is  usually  greater  than  one  micrometer* 
Photomicrographs  of  several  different  carbon  blacks  are  shown  In  Figure 
7.  A  photomicrograph  of  a  petroleum  coke  is  Included  for  comparative  purposes* 

It  offers  another  possible  carbonaceous  material  for  incorporating  Into 
a  slurry  formulation,  but  would  require  extensive  grinding  before  It  could 
be  effectively  used*  The  carbon  particles  In  the  slurry  should  be  small 
enough  that  effective  combustion  can  take  place,  although  the  optimum  size 
for  maximum  combustion  efficiency  in  the  engine  has  not  yet  been  determined. 

If  the  carbon  particles  become  too  small,  the  flow  properties  become  unsatisfactory, 
i.e.,  the  fuel  tends  to  take  on  "gel  type"  characteristics. 

(b)  Effect  of  Carbon  Concentration  on  Stability 

A  series  of  experiments  was  run  to  compare  the  effect  of  various  carbon 

concentrations  on  the  slurry  stability.  Settling  data  were  collected  and 

used  as  the  criteria.  Five  carbon  slurries  were  prepared  with  carbon  concentrations 

of  1,  5,  10,  20,  and  35  wt%  in  DF-2.  All  the  slurries  used  the  same  dispersant 

(lecithin),  all  were  mixed  over  the  same  time  period  (30  minutes)  using 

the  same  mixing  device  (homogenlzer) ,  and  all  were  allowed  to  settle  for 

the  same  period  of  time  (48  hours).  The  settling  in  all  samples  was  then 

measured  by  the  freezing  tube  method.  The  data  plotted  in  Figure  8  indicate 

that  the  most  stable  slurry  was  that  containing  35  percent  carbon,  followed 

by  slurries  of  20,  10,  and  5  percent  carbon  concentrations.  The  least  stable 

concentration  was  the  l  percent.  The  conditions  that  exist  at  any  given 

slurry  concentration  varies  greatly,  and  the  physical  environments  of  the 

individual  carbon  particles  in  the  slurry  are  very  complex.  An  over-simplified 

explanation  would  be  that  as  the  carbon  concentration  is  increased,  the 

amount  of  sedimentation  decreases  because  of  the  hindered  settling  caused 

by  particle  interactions.  The  tables  from  which  the  plotted  data  of  Figure 

8  are  derived  are  in  Appendix  C. 

(3)  Dispersants  snd  Stabilizers 

(a)  Selection 

The  selection  of  dispersants  and  suspending  agents  that  would  be  screened 
for  use  in  the  preparation  of  the  carbon  slurries  was  based  on  the  following 
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Courtesy  of  Cities  Service 
Co.  Columbian  Division 


a.  Carbon  Black,  Raven  410  (X50.000) 


FIGURE  7.  PHOTOMICROGRAPHS  OF  CARBON  BLACKS 
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Courtesy  of  Cities  Service  b.  Carbon  Black,  Raven  430  (X50,000) 

Co.  Columbian  Division 

FIGURE  7.  PHOTOMICROGRAPHS  OF  CARBON  BLACKS  (CONT’D) 
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Courtesy  of  Cities  Service 
Co.  Columbian  Division 


c.  Carbon  Black,  Raven  1170  (X50.000) 


FIGURE  7.  PHOTOMICROGRAPHS  OF  CARBON  BLACKS  (CONT’D) 


d.  Petroleum  Coke  D-14 

FIGURE  7.  PHOTOMICROGRAPH  OF  PETROLEUM  COKE  (CONT'D) 
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Information:  the  chemistry  of  the  system;  the  available  literature;  consultations 
with  researchers  working  in  this  area;  consultations  with  manufacturers 
of  dispersants  and  suspending  agents;  and  consultations  with  manufacturers 
of  carbon  black. 

Since  the  word  surfactant  is  an  abbreviated  term  for  a  surface  active  agent 
that  usually  affects  the  interfacial  tension  between  two  liquids,  surfactants 
may  also  be  used  as  dispersing  agents.  In  a  recent  paper  on  the  use  of 
additives  to  stabilize  coal-oll  mixtures,  It  was  reported  that  approximately 
1300  types  of  surfactants  (nonionic,  anionic,  catonic)  were  tested. 

By  definition,  dispersing  agents  (sometimes  referred  to  as  suspending  agents) 
are  added  to  promote  and  keep  the  individual  fine  particles  separated. 

The  terra  is  often  used  interchangeably  with  emulsifying  agents- 

Table  7  lists  all  the  dispersants  that  were  considered.  The  dispersants 
manufacturers'  names,  addresses,  and  telephone  numbers  are  included  In  Appendix 
D.  The  trade  names  of  the  dispersants  are  also  included,  when  applicable. 

Most  of  the  agents  were  tested  for  systems  of  carbon  dispersed  in  dleBel 
fuel,  although  a  limited  number  were  tested  for  carbon  dispersed  In  water 
or  alcohol.  After  screening  and  evaluation,  the  list  was  narrowed  to  the 
ones  described  below.  Since  both  the  Air  Force  and  Navy^^  are 

actively  engaged  in  reaearch  and  development  work,  with  carbon  slurries, 
only  a  limited  effort  was  made  at  this  time  to  find  the  "perfect"  agent. 

It  was  felt  that  the  knowledge  that  will  be  gained  from  the  Air  Force  and 
Navy  programs  will  be  very  beneficial.  As  stated  previously,  the  available 
dispersing  agents  are  almost  unlimited,  and  there  should  be  no  problem  In 
finding  a  suitable  one  if  any  of  the  carbon  slurry  fuel  formulations  show 
a  high  potential  for  further  development. 

[1]  Aluminum  Octoate 

[a]  Background  Aluminum  soaps  have  many  uses,  as  in  the  stabilizing 
of  emulsions,  the  thickening  of  hydrocarbon  oils,  and  the  manuf actur ing 
of  paint. 
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TABLE  7.  LIST  OF  DISPERSING  AGENTS  SCREENED 


Physical  State 


No. 

Class  or  Formula 

(20°C)* 

Type** 

HLB*** 

1. 

2-Amino-2-methyl-l-propanol 

S 

N 

2. 

Alkylphenoxy  polyoxyethene  ethanol 

L 

N 

3. 

Octylphenoxy  poly(ethyleneoxy)  ethanol 

L 

N 

18.0 

4. 

Octylphenoxy  polyethoxyl  ethanol 

L 

N 

13.5 

5. 

Propoxylated  butanols 

L 

N 

6. 

Lecithin  90% 

L 

7. 

Alkanolamides 

L 

N 

8. 

Diethanolamides 

L 

N 

9. 

Dlethanolamide  of  coconut  fatty  acids 

L 

N 

10. 

N,N'-ethylenebisstearamide 

s 

11. 

Fatty  alkylolamide  condensate 

L 

N 

12. 

Alkyl  aryl  sulfonate 

L 

N 

11.7 

13. 

Glycerol  monolaurate 

L 

N 

6.8 

14. 

Lanolin  derivative 

S(Pa8te) 

N 

15. 

Oleyl  alcohol  ethoxylate 

L 

N 

16. 

Polyethylene  glycol  monolaurate 

N 

6.0 

17. 

Polyethylene  glycol  monostearate 

N 

0.9 

18. 

Polyoxyethylene  (20)  sorbitan  tnonooleate 

L 

N 

15.0 

19. 

Sorbitan  monooleate 

L 

N 

4.3 

20. 

Sorbitan  trioleate 

L 

N 

1.8 

* 

*★* 

L  «■  Liquid,  S  -  Solid 

AMP  -  amphoteric,  A  ■  Anionic,  C  ■  Cationic, 
HLB  ■  Hydrophile-lipophile  balance 

N  •  Nonionic 
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TABLE  7.  LIST  OF  DISPERSING  AGENTS  SCREENED  (Cont'd) 


Physical  State 


No. 

Class  or  Formula 

(20®C)* 

Type** 

21. 

Sorbitan  trioleate 

L 

N 

22. 

Sorbitan  tristearate 

S 

N 

23. 

Sorbitan  partial  fatty  esters 

L 

N 

24. 

Polyoxyethylene  sorbitol  oleate-polyoxyethylene 
amine  blend 

L 

N 

25. 

Mono-  and  diglycerides  from  the  glycerolysis 
of  edible  fats 

S 

N 

26. 

Mono-  and  diglycerides  from  the  glycerolysis 
of  edible  fats 

S 

N 

27. 

Polyoxyalkylene  fatty  ester 

L 

N 

28. 

Chlorinated  hydrocarbon 

L 

N 

29. 

Guar  gum  derivatives 

S 

30. 

Amine  salt  (95%) 

L 

C 

31. 

Amine  salt  of  dodecyl  benzene  sulfonic  acid 

L 

32. 

Ammonium  lauryl  sulfate 

L 

A 

33. 

Calcium  llgnosulfonate 

S 

A 

34. 

Sodium  salt  of  polymeric  carboxylic  acid  (25%) 

L 

A 

35. 

Sodium  salt  of  polymerized  alkyl  naphthalene 
sulfonic  acids 

S 

A 

36. 

Sodium  lauryl  sulfate  (30%) 

L 

A 

37. 

Sodium  lauryl  sarcostnate 

S 

A 

38. 

Sodium  dioctyl  sulfosuccinate 

S 

A 

39. 

Dloctyl  sodium  sulfosuccinate  60%- 
water  20%-isopropyl  alcohol  20% 

L 

A 

40. 

Lignosulfonic  acid  salts 

S 

A 

*  L  -  Liquid,  S  -  Solid 

**  AMP  -  amphoteric,  A  •  Anionic,  C  ■  Cationic,  N  •  Nonionic 

***  HLB  ■  HydrophiLe-lipophile  balance 


HLB*** 

4.3 

2.1 

4.3 

12.5 

3.5 

2.8 
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TABLE  7.  LIST  OF  DISPERSING  AGENTS  SCREENED  (Cont'd) 


Class  or  Formula 


Physical  State 
(20°C)* 


Poly(methyl  vinyl  ether/maleic  anhydride) 
Free  acid  of  complex  organic  phosphate  ester 
Heterocyclic  tertiary  amine 
Quaternary  amine 


Type**  HLB*** 


Fatty  imidazoline 

l-C^H^-OH,  2-undecyl  imidazoline 

Substituted  oxazoline 


S(Wax) 


Priority  product  (Blend  of  nonionic  and 
cationic  agents) 

Dicarboxylic  capric  derivative 
triethanolamine  salt 

Decarboxyl  lauric  derivative  sodium  salt  (37%) 
Alumagel 

Aluminum  octoate 
Aluminum  stearate 
Ammonium  stearate 
Lead  octoate 
Lead  stearate 
Lithium  stearate 
Zinc  stearate 

Mono  alkene  thiophosphonate 
LV  1776  alkyd 


*  L  -  Liquid,  S  •  Solid 

**  AMP  *  amphoteric,  A  -  Anionic,  C  “  Cationic,  N  ■  Nonionic 

***  HLB  “  Hydrophile-lipophile  balance 
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Aluminum  soaps  are  usually  mono-  or  di-soaps;  i.e.,  they  have  either  one 
or  two  free  hydroxyl  groups.  The  aluminum  octoate  used  to  stabilize  the 
carbon  slurries  was  actually  aluminum  hydroxydloctoate,  but  will  be  referred 
to  henceforth  in  this  report  as  aluminum  octoatc.  When  such  soaps  are  used 
in  organic  solvents,  aggregates  are  formed,  aided  largely  by  the  intermolecular 
bonds  associated  with  the  free  hydroxyl  groups/17^  Fowkes^17*  pointc  l 
out  that  the  high  viscosities  observed  with  aluminum  soaps  would  seem  o 
suggest  high  molecular  weight  filamentous  aggregates  which  reform  spontaneously 
if  broken  by  stirring.  These  high  molecular  weight  aggregates  have  been 
postulated  by  some  workers^18, to  be  linear  polymers  in  the  case  of  aluminum 
stearate  (Figure  9).  Gray  and  Alexander^0^  present  a  good  case  for  ruling 
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FIGURE  9.  PROPOSED  STRUCTURE  FOR  ALUMINUM  STEARATE 
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(21) 

out  this  type  of  structure  for  aluminum  mono-  and  di-soaps.  Ludke,  et  al. 
present  excellent  and  convincing  reasons  why  Figure  10  represents  the  true 
picture- 
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FIGURE  10.  ALUMINUM  SOAP  POLYMER 
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[ b ]  Experimental  Aluminum  octoate  Is  a  white  powder  at  room 
temperature.  As  a  precautionary  measure,  It  was  dried  for  at  least  4  hours 
at  100°C  (212°F)  prior  to  its  use. 

When  aluminum  octoate  is  heated  in  diesel  fuel,  with  stirring,  to  about 
79°C,  a  gel  is  formed.  It  was  found  chat  it  was  more  convenient  to  make 
a  supply  of  aluminum  octoate  in  diesel  fuel  at  concentrations  of  1  to  2 
wtZ,  and  then  when  the  aluminum  octoate  was  needed,  to  dilute  it  with  diesel 
fuel  to  the  desired  lower  concentrations.  Aluminum  octoate  at  concentrations 
greater  than  a  few  percent  is  difficult  to  handle. 

Additionally,  it  was  found  that  the  best  procedure  was  to  add,  with  stirring, 
an  increment  of  aluminum  octoate  "concentrate"  to  an  amount  of  diesel  fuel 
to  give  the  desired  final  concentration.  This  procedure  was  then  followed, 
with  continued  stirring,  by  the  slow  addition  of  the  carbon  black.  For 
a  200-milliliter  preparation  of  20  wt%  carbon  slurry,  the  carbon  addition 
time  averaged  30  minutes. 

Observations  were  made  on  a  gel  that  was  formed  when  1  wet  aluminum  octoate 
was  heated  to  79.4*C  (175®F)  in  diesel  fuel  over  a  period  of  30  minutes. 

It  was  found  that  the  life  of  the  gel  was  approximately  30  days.  The  gel 
could  be  rejuvenated  by  again  heating  to  79.4°C  (175*?),  but  this  secondary 
gal  was  not  nearly  as  good  as  the  original  in  its  properties,  nor  did  it 
have  as  long  a  life  (only  a  few  days).  This  short  life  could  be  a  problem 
for  storage  over  one  month.  Another  concern  was  the  AI2O3  ash  that  might 
be  formed  as  a  combustion  product  when  burned  in  an  engine.  It  was  calculated 
that  0.2  wt%  aluminum  octoate  could  yield  0.03  wtX  AI2O3. 

I c I  Slurry  Preparation  In  the  slurry  preparations,  the  aluminum 
octoate  was  used  at  concentrations  of  0.1  to  0.5  wt*.  In  Figure  11  and 
In  Table  8,  one  can  compare  the  effectiveness  of  aluminum  octoate  at  two 
concentrations  (0.1  wt£,  0.2  wt %)  in  s  typical  slurry  of  carbon  (20  wt7.) 
in  DF-2,  using  settling  data  as  the  indicator.  The  settling  was  measured 
by  the  simplified  method  discussed  earlier.  Therefore,  only  the  top  three 
fractions  (sections)  were  examined.  It  is  evident  from  the  plotted  data 
that  0.1  wt%  aluminum  octoate  la  ineffective  at  times  greater  than  8  hours. 

The  figure  also  shows  that  with  this  concentration  almost  all  of  the  carbon 
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FIGURE  11.  EFFECT  OF  ALUMINUM  OCTOATE  CONCENTRATIONS  <0.1%  US.  0.2%)  ON 

THE  STABILITY  OF  CARBON  SLURRIES. 


TABLE  8.  EFFECT  OF  ALUMINUM  OCTOATE  CONCENTRATION  OF  SLURRY  STABILITY 
(SETTLING*3*  DATA  AND  PROPERTIES****  OF  CARBON /DF- 2  SLURRIES) 


had  settled  from  the  top  two  sections  after  16  hours.  After  32  hours,  the 
slurry  containing  the  0.2  wtX  aluminum  octoate  showed  signs  of  settling. 

It  should  be  pointed  out  that  the  slurries  used  in  the  above  study  were 
prepared  using  the  magnetic  stirrer.  It  has  been  demonstrated  that  this 
type  of  mixing  was  the  least  effective  of  the  four  devices  tried  in  producing 
stable  slurries.  Undoubtedly  these  slurries  would  have  shown  greater  stability 
if  other  methods  of  preparation  had  been  used. 

[2]  Lecithin 

(a)  Background  Lecithin^^)  shown  in  Figure  12,  is  composed  of  a 
group  of  phosphatides,  any  of  which  are  found  in  all  plant  and  animal  tissues. 

Its  general  composition  is  approximately  CH2(R)CH(R* )CH2OPO(OH)0(CH2)2N(OH)(CH3)3 
where  R  and  R^-  are  fatty  acid  groups.  The  phosphatides  are  mixtures  of 
diglyceride  residues  from  fatty  acids  (oleic,  CjjHjjCOOH;  palmitic  Cj^t^COOH; 

stearic,  C^^HjjCOOH).  The  dlglyceride  residues  of  the  fatty  acids  are  bound 

(14) 

to  the  choline  ester  of  phosphoric  acid. 

Lecithin  is  produced  commercially  from  egg  yolk,  soybean,  and  corn  and  is 

used  in  the  processing  of  foods,  pharmaceuticals,  cosmetics,  paint,  ink, 

(23) 

rubber,  and  plastics. 


ch2ococ17h3S 

:hococ17h33 

/°0 

0  x0CH2CH2N(CH3)3 


FIGURE  12.  TYPICAL  STRUCTURE  OF  LECITHIN 
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The  lecithin  described  in  this  report  was  manufactured  by  Troy  Chemical, 

Newark,  New  Jersey,  and  called  Lecithin  W.D.  It  contains  90  percent  lecithin 

and  10  percent  no.ilonic  surfactants^ with  an  average  molecular  weight  of 

approximately  780.  Lecithin  W.D.  was  suggested  as  a  possible  stabilizer 

by  researchers  at  PERC  (Pittsburgh  Energy  Research  Center),  where  it  was 

(24) 

used  to  help  stabilize  coal  oil  mixtures.  It  is  also  being  used  at 

Union  Process,  Inc.,  Akron,  Ohio,  in  some  of  its  work. 

(b)  Experimental  The  lecithin  had  an  experimentally  determined 
heating  value  of  13,740  Btu/lb  and  a  measured  density  of  1.0263.  For  this 
program,  15  gallons  of  diesel  fuel  containing  17  wt%  carbon  black  (Raven 
1170)  and  1  wt %  lecithin  were  blended  in  the  attritor.  Settling  rates  were 
negligible  over  an  840-hr  (35-day)  period. 


(3)  D-5200  (Amergy) 

[a]  Background  A  consortium  of  27  organizations,  headed  by  General 

Motors  Corporation,  made  a  2-year  research  effort  to  demonstrate  that  coal 

oil  mixtures  could  be  prepared  on  a  full-scale  operation  and  burned  in  an 
(25) 

industrial  boiler.  One  phase  of  the  development  program  examined  the 
concept  of  homogenizing  water  and  No.  6  fuel  oil.  Because  of  economic  consideration, 
the  additives  limit  was  set  at  0.2  wt 7.  of  the  final  mixture.  For  various 
reasons,  the  researchers  decided  on  a  6.5  wt%  water  content.  Of  the  various 
additives  tried,  the  best  results  were  obtained  with  D-5200,  manufactured 
by  Drew  Chemical  Corporation,  Parsippany,  New  Jersey.  With  0.2  wtX  of  this 
additive,  a  50  percent  coal  oil  mixture  at  66°C  (150°F)  showed  a  32  percent 
settling  rate  after  one  week.  At  lower  concentrations  of  D-5200,  the  stability 
decreased . 


[b]  Experimental  This  additive,  D-5200  (or  Amergy  5200),  was 
found  in  initial  studies  to  be  ineffective  in  20  wt%  carbon  slurries,  with 
almost  immediate  settling.  However,  preparations  using  D-5200  were  made 
using  the  magnetic  stirrer  as  the  mixing  mode.  As  has  already  been  demonstrated 
(Figure  6),  the  magnetic  stirrer  ia  not  very  effective  for  this  type  of 
preparation,  D-5200  should  be  considered  for  use  in  future  preparations, 
especially  in  systems  containing  water. 
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TLA-202 


[4] 


[a)  Background  TLA-202,  an  additive  manufactured  by  Texaco, 

Inc.,  Beacon,  New  York,  is  a  complex  mono  alkene  thiophosphonate  characterized 
as 

S(O) 

R-P-OCH.-CH, 

2  i  2 


I 

OH 


it 


It  is  an  ashless  phosphonate  dispersant.  The  typical  inspection  data  furnished 
by  Texaco  are  listed  below: 


Pounds  per  gallon  at  60/60°F  7.6 

Flash,  COC,  SF  345. 

Pour,  ®F  +10 

Viscosity  at  210oF,  SUS  240 

Phosphorus,  wt%  1.0 

Sulfur,  wtX  0.7 

OH  Number  15 

Ash  (Metallic)  NIL 


TLA-202  was  used  by  Ashland  Chemical  Company  contract  in  their  work  that 
was  contracted  by  McDonnell  Douglas  Astronautics  Company-East  (MDAC-E)  to 
perform  ramjet  fuels  research  in  support  of  an  Air  Force  contract  entitled, 
"Supersonic  Long  Range  Missile  Integration  Study. ”^26^  TLA-202  (2  percent) 

was  used  by  Ashland  in  the  preparation  of  slurries  containing  high  concentrations 
of  carbon  blacks  (40  to  70  percent)  in  RJ-5.  The  viscosities  reported  by 
Ashland  were  described  as  "like  wet  clay,"  "similar  to  wet  tar,"  "comparable 
to  honey  and  "SAE  30  motor  oil."  The  Ashland  researchers  used  a  Roll  Mill 
to  prepare  these  high-viscosity  slurries. 

(k)  Experimental.  Only  limited  testing  was  performed  with  TLA- 
202,  as  early  indications  were  that  slurries  prepared  using  this  dispersant 
were  not  as  stable  as  those  prepared  using  lecithin.  As  with  D-5200,  the 
early  preparations  were  made  using  the  magnetic  stirrer  for  mixing,  while 
those  preparations  with  lecithin  as  the  dispersant  were  made  with  the  attritor. 
Recent  results  indicate  that  further  studies  with  TLA-202  may  be  warranted. 
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(b)  Experimental  and  Conclusions 

A  series  of  experiments  were  conducted  to  obtain  a  comparison  of  four  dispersants 
on  the  basi3  of  their  effectiveness  in  producing  stability  of  slurries. 

Settling  data  were  collected  and  used  as  the  criteria  for  determining  stability. 
All  the  slurries  were  of  the  same  composition  (20  percent  carbon  black  in 
DF-2),  all  were  mixed  for  30  minutes  using  the  horaogenizer,  and  all  were 
allowed  to  settle  for  48  hours.  All  the  dispersants  were  used  at  the  1 
wtX  level  except  aluminum  octoate  (0.3  wtX).  Aluminum  octoate,  If  used 
at  the  1  wtX  level,  would  have  raised  the  viscosity  to  an  unacceptable  level. 

The  settling  was  measured  by  the  freezing  tube  method.  Under  the  conditions 
set  forth  above,  the  data  showed  no  overwhelming  preference  for  any  of  the 
four  dispersants,  although  TLA-202  and  aluminum  octoate  appear  slightly 
better  (Figure  13).  The  tables  from  which  the  plotted  data  in  Figure  13 
are  derived  can  be  found  in  Appendix  C. 

Lecithin  was  chosen  as  the  dispersant  to  be  used  In  most  of  the  carbon 
slurry  preparations  because  earlier  settling  rate  studies  indicated  good 
stability  for  at  least  35  days  or  840  hours  (Table  9).  It  should  be  noted, 

TABLE  9.  SETTLING  RATE  OF  CARBON  IN  DIESEL  FUEL 
[Raven  1170  (17  wtX),  Lecithin  (IX)  In  Diesel  Fuel] 

Fractions 


(wtX  Carbon) 

16  hr 

64  hr 

168  hr 

336  hr 

840  hr 

Control 

17.0 

17.3 

17.4 

17.4 

18.7 

1st  Fraction 

16.8 

16.8 

15.3 

15.1 

14.2 

2nd  Fraction 

16.8 

17.0 

17.0 

16.9 

20.3 

3rd  Fraction 

17.0 

17.1 

17.0 

17.1 

20.0 

however,  that  In  these  studies,  the  slurry  was  prepared  in  the  attritor. 

In  the  dispersant  comparison  study  (Figure  13),  an  homogenizer  was  used 
as  the  mixing  device,  and  the  settling  measurements  were  made  after  48  hours. 
Although  horaogenizers  are  classified  by  many  as  "grinders,"  they  do  very 
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little  actual  grinding.  They  operate  on  the  principle  of  high  speed  fluid 

shear  and  are  roost  valuable  In  the  degradation  of  agglomerates,  such  ae 

v  (27) 
carbon. 

The  attrltor,  on  the  other  hand,  is  a  true  grinding  device.  In  a  comparison 
of  various  attrition  time  periods,  the  greater  stability  was  found,  as  expected, 
in  those  samples  that  were  attrlted  for  the  longer  time  (Figure  14).  The 
tables  from  which  this  plotted  data  are  derived  can  be  found  in  Appendix 
C. 


A  colloid  Is  defined  as  a  suspension  of  finely  divided  particles,  approximately 

5  to  5000  Angstroms  in  size,  in  a  continuous  medium  that  ia  thermodynamically 

(23) 

stable  and  can  not  be  easily  filtered.  It  would  therefore  follow  that 

as  the  carbon  particles  are  ground  down  and  approach  colloidal  sl2e,  the 
stability  of  the  slurry  would  Increase.  Although  dispersants  are  helpful, 
the  physical  means  by  which  slurries  are  prepared  is  probably  the  roost  Important 
factor. 

(4)  Methods  and  Techniques  for  Measuring  Settling  Rates 
(a)  Simplified  Method 

The  method  of  measuring  settling  rate  at  the  beginning  of  the  program  was 
simple,  which  did  cause  some  drawbacks.  For  example,  the  settling  rates 
could  not  be  determined  with  confidence  because  of  the  sampling  difficulties 
described  below.  However,  later  results  using  another  method  Indicated 
that  the  earlier  values  were  good  approximations  of  the  settling. 

In  the  simplified  method,  the  settling  rates  were  measured  by  carefully 
filling  a  100-milliliter  graduate  with  a  thoroughly  mixed  sample  of  known 
concentration  and  then  allowing  it  to  settle,  undisturbed,  for  a  predetermined 
period  of  time.  The  first  three  20-milliliter  fractions  were  removed  by 
pipette.  The  diesel  fuel  was  extracted  from  each  fraction  by  washing  several 
times  with  pentane  and  then  removing  the  pentane  by  decanting  after  centri¬ 
fugation.  The  sample  was  then  dried  in  an  oven  at  100  C  for  at  least  30 
minutes,  then  in  a  desiccator  overnight  and  weighed.  The  disadvantage  of  this 
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STABILITY  OF  CARBON  SLURRIES. 


method  was  that  the  last  two  20-millillter  fractions  could  not  be  analyzed 
because  of  difficulties  encountered  in  the  sampling.  However,  if  the  concentration 
of  the  top  three  fractions  did  not  differ  significantly  from  the  initial 
homogeneous  concentration,  it  was  assumed  to  be  stable. 


(b)  Freezing  Tube  Method 

In  this  AFLRL-developed  method,  the  prepared  samples  of  known  concentration 

were  placed  in  plastic  tubes  (4.5-cm  OD,  3.8-cm  ID,  0.32-co  wall,  and  approximately 

31  cm  in  length)  which  were  plugged  at  the  bottom  with  a  No.  8  rubber  stopper 

(Figure  15a).  Almost  all  the  data  were  taken  at  room  temperature;  however, 

a  controlled  temperature  bath  could  be  used  for  future  samples  if  settling 

rates  at  other  temperatures  are  desired  (Figure  15b).  After  the  desired 

time  period  for  settling,  the  tubes  were  frozen  at  approximately  -80°C 

<-112°F)  (Figure  15c),  and  each  tube  cut  into  six  segments  (Figures  1 5d 

and  15e)  and  measured  by  length.  After  each  segment  has  thawed,  it  was 

thoroughly  stirred  to  give  a  uniform  sample.  A  small  5-  to  10-gram  sample 

was  removed  and  then  analyzed  for  solids  (carbon)  by  a  modified  ASTM  D  893- 

78  procedure,  the  standard  test  for  insolubles  In  (used)  lubricating  oils. 

The  procedure,  as  modified,  consists  of  weighing  the  sample  in  a  centrifuge 
tube,  washing  it  three  times  with  75  to  100  ml  of  pentane  per  wash,  and 
removing  the  pentane  by  decanting  after  centrifugation.  The  sample  is  dried 
in  an  oven  at  104°C  (220°F)  for  at  least  30  minutes,  cooled  in  a  desiccator, 
and  then  weighed. 

Although  a  good  method,  it  is  time  consuming  and  it  tends  to  give  slightly 
high  values  for  the  recovered  carbon.  Although  the  values  appear  to  be 
high,  they  are  correct  relative  to  each  other,  a  phenomenon  which  might 
be  caused  by  the  incomplete  removal  of  the  last  trace  of  diesel  fuel  adsorbed 
by  the  carbon  black.  Although  the  method  is  not  yet  quantitative,  it  is 
an  excellent  indicator  of  stability,  since  all  samples  are  prepared  in  an 
identical  fashion. 
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figure  l  ». 


FRF.FZTN'G  TURF  MF.THOD  FOR  MEASURING  CAR  EON  SEDT  MENTATION 


d.  Frozen  Tube  Just  Prior  to  Slicing 


FREEZING  Tl'BF  METHOD  FOR  MEASURING  CARBON  SEDIMENTATION  (CONT’D) 


(C)  Capacitance  Measuring  Method  (Under  Development) 


A  method  currently  under  development  consists  of  measuring  the  capacitance 
through  the  slurry  at  six  equidistant  locations  over  a  height  of  42  centimeters. 
The  capacitance  of  known  carbon  concentrations  will  be  measured  to  establish 
a  standard  curve.  When  developed,  this  method  should  drastically  reduce 
the  time  needed  for  analyzing  the  carbon  concentrations  from  approximately 
one  day  to  several  minutes. 

3.  Carbon/Water  and  far'..,-  Methanol  Slurries 

A  cursory  study  was  made  toward  preparing  stable  suspensions  of  carbon  In 
water.  During  this  study,  methanol  slurries  were  also  briefly  explored. 

The  carbon/water  slurry  could  be  the  first  step  In  preparing  a  slurried 
fuel  of  carbon  in  water/dlesel  fuel  emulsion. 

a.  Experimental 

A  magnetic  stirrer  and  bar  was  used  In  these  screening  studies.  The  most 
stable  slurry  of  carbon  In  water  was  prepared  by  adding  0.3  percent  CMPH, 
a  guar  gum  derivative  (see  No.  29,  Table  7)  to  dLstilled  water.  Guar  gum 
Is  a  high  molecular  weight  carbohydrate  polymer  that  causes  thickening  in 
the  water.  The  carbon  black  (Raven  1170)  was  added  after  the  thickening 
had  occurred,  and  the  resulting  slurry  (89.7  percent  H^O,  10. 0  percent  carbon, 
0.3  percent  CMPH)  was  stable  for  at  least  16  hours  (visual  observations). 

A  similar  preparation,  using  methanol  rather  than  water,  settled  rapidly. 

Other  screening  tests  of  this  study  are  summarized  in  Table  10. 

C.  HIGH-EXPLOSIVE  INCENDIARY  TRACER  TESTS 


l .  Background 

It  would  be  a  distinct  advantage  to  have  the  high-energy  fuels  developed 
for  use  by  the  Array  to  also  qualify  as  fire-resistant  fuels.  Therefore, 
a  series  of  high-explosive  Incendiary  tracer  tests  were  run  on  some  of  the 
candidates. 
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There  are  two  20-mm  High-Explosive  Incendiary  Tracer  (HEIT)  teat  procedures 
(ballistic  tests)  that  are  available  at  AFLRL  to  evaluate  fluid  fire  vulnerability. 
The  first  test  procedure,  developed  for  fuels,  requires  a  relatively  large 
sample  for  testing  (75.7  liters  (20  gallons].  The  second  procedure  was 
developed  for  testing  hydraulic  fluids.  This  procedure  requires  a  smaller 
sample  (W2  liters),  and  It  Is  run  under  hydraulic  fluid  system  conditions 
(l.e.,  pressure).  The  Initial  studies  conducted  at  AFLRL  were  run  under 
pressure.  The  experimental  setup  of  the  ballistic  range  Is  shown  in  Figure 
16  and  the  hydraulic  cylinder  target  assembly  is  illustrated  in  Figure  17. 

A  complete  detailed  description  of  both  test  procedures,  the  ballistic  facilities, 
test  sequence,  and  ballistic  evaluation  can  be  found  in  Reference  28.  A 
brief  synopsis  of  this  ballistic  teat  can  be  found  in  Appendix  R. 

In  the  studies  reported  here,  the  results  were  recorded  on  color  16-mm  film, 
using  real  time  (24  frames/sec)  and  slow  motion  (800  frames/sec)  cameras. 

The  cameras  and  firings  were  remotely  controlled. 


Since  the  fuels  to  he  tested  were  either  expensive  (/V$25  per  gal  for  JP- 
10)  or  difficult  to  clean  up  (carbon  black  slurries),  the  HEIT  procedure 
for  evaluating  hydraulic  fluids  was  selected  because  of  the  minimum  fluid 
requirement  l.e.,  2  liters  vs  20  gal.  for  the  full  ballistic  test.  Because 
this  HEIT  procedure  was  designed  to  test  hydraulic  fluids,  which  are  normally 
used  In  pressurized  systems,  It  called  for  the  target  cylinder  containing 
the  sample  to  be  pressurized  to  67.5  atm  (1000  pslg)  with  nitrogen  for  each 
test.  However,  some  of  the  later  tests  were  conducted  at  atmospheric  pressure 
to  minimize  misting  effects. 

2 .  Experimental 

The  teats  reported  here  were  made  at  various  times  during  this  program. 

In  an  attempt  to  confirm  the  results  of  some  teats  conducted  earlier  in 
the  program,  the  HEIT  ballistic  tests  were  repeated. 

The  data  from  all  the  tests  are  summarized  in  Table  11.  Examination  of 
the  data  reveals  apparent  inconsistencies  between  the  earlier  tests  and 
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TABLE  U.  RESULTS  OF  20-mm  HIGH-EXPLOSIVE  INCENDIARY  TESTS  USING 
TEST  PROCEDURES  DEVELOPED  FOR  EVALUATING  HYDRAULIC  FLUIDS 


Test  No. 

Date  of  Test 

Hydraulic  Fluid 

Pressure  (psig) 

HEIT<b>  Rating 

21 

2-21-79 

JP-10 

1000 

BD 

29 

5-15-79 

JP-10 

1000 

A 

30 

5-13-79 

JP-10 

0 

ABCDF 

22 

2-21-79 

JP-10/H20<C> 

1000 

A 

31 

5-15-79 

jp-io/h2o(c) 

1000 

ABCF<d> 

195 

12-1-78 

DF-2 

1000 

ABC 

32 

5-17-79 

DF-2 

1000 

A 

33 

5-17-79 

DF-2 

0 

BE 

196 

12-1-78 

DF-2 /carbon 
black^®) 

1000 

A 

35 

5-17-79 

DF-2 /carbon 
black(e) 

1000 

ABF 

36 

5-23-79 

DF-2 /carbon 
black 

1000 

AB 

37 

5-23-79 

DF-2 /carbon 
black^e) 

c 

BF 

34 

5-17-79 

DF-2/H20<f> 

1000 

A 

(a)  For  details  of  this  test,  please  see  Reference  28 . 

(b)  Code  for  HEIT  Ballistic  Test 

A  ■  Incendiary  Flash  and  Fireball 
B  ■  Mist  Fireball 
C  •  Transient  Ground  Fire 
D  -  Sustained  Ground  Fire 

E  -  Residual  Transient  Burning  in  Target  Cylinder 
F  -  Residual  Sustained  Burning  in  Target  Cylinder 

(c)  80%  JP-lOj  10%  Deionized  H20;  6%  Emulsifying  Agent  (EM-12) 

(d)  Incendiary  flash  had  nearly  extinguished  before  igniting  the  mist  fireball 

(e)  82%  DF-2 ;  17%  Carbon  Black;  1%  Lecithin 

(f)  84%  DF-2;  10%  Deionized  H20;  6%  Emulsifying  Agent  (EA-37) 


those  conducted  later.  For  example,  JP-10  (neat)  had  a  mist  fireball  and 
a  severe  sustained  ground  fire  in  the  earlier  tests  (Test  No.  21),  but  later 
showed  only  the  incendiary  flash  and  fireball  (Test  No.  29).  The  same  type 
of  results  was  noted  with  the  JP-lO/HjO  emulsified  fuels  (Test  No.  22  vs 
Test  No.  31)  and  with  carbon  black-diesel  fuel  slurry  (Test  No.  196  vs  Tests 
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Nos.  35  and  36).  A  possible  explanation  of  these  Inconsistencies  la  that 
when  the  system  Is  pressurised,  the  fuel  mist  velocity,  under  certain  conditions, 
is  greater  than  the  fuel  flame  velocity.  In  such  cases,  any  mist  ignition 
could  not  propagate  back  to  the  test  vessel.  Certainly,  the  Impact  dispersion 
and  mist  flashback  data  on  the  JP-10  (neat)  (see  Table  12)  would  indicate 
that  HEIT  Test  No.  21  was  more  representative  of  the  true  flammability  properties 
than  HEIT  Test  No.  29.  The  procedures  for  mist  flashback  and  the  Impact 
dispersion  tests  are  described  in  Appendix  E.  The  best  evidence  collected 
to  support  the  hypothesis  that  the  fuel  mist  can  be  accelerated  too  fast 
to  sustain  Ignition  can  be  seen  when  viewing  the  alow  motion  film  of  HEIT 
Test  No.  31.  The  test  is  almost  identical  to  its  earlier  counterpart  (Test 
No.  22),  except  that  the  mist  cloud  is  ignited  after  the  incendiary  fireball 
is  nearly  extlnquished. 

In  order  to  establish  the  effect  of  the  pressurization  on  the  sample,  several 
HEIT  tests  were  conducted  at  0  paig  (Table  11,  Test  Nos. 30,  33,  37).  If 
the  pressure  caused  the  mist  to  accelerate  faster  than  the  fire  in  some 
of  the  previous  tests,  this  condition  should  not  exist  when  the  cylinder 
is  at  atmospheric  pressure.  These  tests  give  credence  to  the  proposed  explanation 
for  the  observed  results.  Some  other  variables  of  this  HEIT  ballistic  test 
are  the  location  of  the  impact  point  on  the  cylinder  and  the  manner  in  which 
the  cylinder  ruptures.  Since  the  pressurized  test  successfully  evaluates 
hydraulic  fluid  ballistic  fire  vulnerability  but  gives  inconsistent  results 
with  the  less  viscous  fuels,  any  future  fuel  tests  will  be  conducted  without 
pressurizing  the  sample. 

D.  ENGINE  TESTS 


1 .  Synthetic  Liquid  Hydrocarbon  Fuels 

Of  the  high  density  fuels  evaluated,  the  three  fuels  selected  for  engine 
testing  were  RJ-5,  JP-9  and  JP-10.  The  first  parameter  to  be  evaluated 
was  cetane  number,  since  this  value  would  be  expected  to  be  lower  than  that 
normally  required  for  diesel  engines  which  usually  require  cetane  numbers 
of  at  least  40.  All  of  the  synthetic  liquid  high-density  hydrocarbon  fuels 
that  were  evaluated  had  excessively  low  cetane  numbers  (Table  13),  precluding 
their  use  in  many  current  tactical  vehicles  without  preliminary  fuel  treatment. 
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TABLE  12.  RESULTS  OF  THE  IMPAd  DISPERSION  (DROP  TEST)  AND  MIST  FLASHBACK  TESTS1  '  WITH 
-JP-10  (NEAT)  AND  JP-10/H  O  (MICROEMULSIF7 ED)  FUELS 
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TABLE  13.  CETANE  NUMBERS  OF  HIGH  ENERGY  FUELS 


Cetane  No. 

(neat  fuel) 

Cetane  No. 

(0.5  wtZ  Amyl  Nitrate 

Cetane  No. 

(0.87  wtX  Amyl  Nitrate) 

RJ-5 

23.6 

30.7 

— 

JP-9 

21.1 

31.8 

— 

JP-10 

19.7 

32.9 

42 

To  improve  the  cetane  number,  amyl  nitrate  was  added  at  the  0.5  wtZ  concentration. 
The  effects  of  these  additions  are  shown  in  Table  13.  Although  these  cetane 
values  are  lower  than  normally  accepted,  this  was  considered  adequate  for 
these  tests. 

a.  CLR  Engine  Studies 

The  three  fuels  containing  the  cetane  improver  were  run  in  the  CLR  direct 
Injection  engine  (Table  14)  and  compared  against  neat  DF-2  at  1500  rpm. 


TABLE  14.  CLR  OIL  TEST  ENGINE 


_ Configuration _ 

Bore,  cm  (in.) 

Stroke,  cm  (in.) 
Displacement,  era"* (in.'*) 
Compression  ratio 
Valve  timing  (IN) 

(EX) 

Fuel  Injection  system 
Barrel  and  plunger 
Injector 


Direct  Injection 

9.65  (3.80) 

9.53  (3.75) 

696.5  (42.5) 

16.36:1 

5°  BTC  to  38°  ABC 
55’  BRr  ' o  20®  ATC 

Bosch  APE 
10  mm 

Sims  NL-141,  4-hole 


18®  BTC  beginning  of  injection,  and  an  intermediate  rack  position  (2  percent 
opacity  smoke).  The  engine  was  fitted  with  a  four-hole  Sima  141  injector, 
and  a  10-mm  barrel  and  plunger  were  used  in  the  fuel  injection  pump.  The 
engine  was  stabilized  on  DF-2.  The  engine  was  then  switched  to  a  high-density 
synthetic  fuel  (containing  O.S  wtX  amyl  nitrate)  without  changing  the  rack 
setting,  resulting  in  an  almost  constant  volume  fuel  delivery  rate.  The 
change  in  engine  power  output  was  noted,  along  with  any  minor  fuel  rate 
changes.  Combustion  chamber  pressure  was  measured  using  a  piezoe  .ectric 
pressure  transducer  and  an  oscilloscope. 

These  data  indicate  that  without  modification  to  engine  variables  (timing, 
injection  hardware,  fuel  rate  setting)  but  with  some  compensation  for  low 
cetane  number  via  fuel  additives,  both  power  and  thermal  efficiency  can 
be  increased  with  these  high-energy  fuels  (Table  15).  These  Improvements 
may  be  a  direct  result  of  the  low  cetane  number  of  the  fuel.  No  attempt 
to  evaluate  this  contribution  was  undertaken. 


TABLE  15.  COMPARISON  OF  FUEL  PERFORMANCE  OF  HIGH-ENERGY  FUELS 
WITH  DIESEL  FUEL  AT  CONSTANT  VOLUMETRIC  DELIVERY 


Fuel  Rate 
(lb/hr) 

Horsepower 

Thermal 

Efficiency  (X) 

GaWHp-hr 

Smoke 

DF-2 

2.35 

4.28 

23.9 

1.75  x  10~4 

2.0 

JP-9 

2.95 

5.71 

27.3 

1.44  x  1C4 

0.4 

JP-10 

2.82 

5.43 

27.0 

1.46  x  10~4 

0.3 

RJ-5 

3.80 

7.00 

26.1 

1.32  x  10~4 

8.0 

It  should  be  noted  that  efficiency  Increased  with  RJ-5  more  than  with  other 
fuels,  an  anticipated  fact  since  the  fuel  viscosity  and  density  were  significantly 
different  from  DF-2  (see  Table  4).  The  increased  viscosity  would  be  expected 
to  degrade  droplet  formation  in  the  spray  and  reduce  mixing  while  the  increased 
density  would  lead  to  greater  penetration  with  possible  impingement  on  cylinder 
walls  or  piston.  Because  of  these  increases,  various  engine  parameters 
can  be  optimized  for  this  fuel  and  yield  further  Improvements  in  performance. 
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A  brief  attempt  at  determining  timing  and  fuel  delivery  rate  effects  was 
then  undertaken-  The  effects  of  variation  In  Injection  timing  are  given 
in  Table  16,  where  the  data  were  recorded  after  a  6-rom  barrel  and  plunger 

TABLE  16.  EFFECT  OF  INJECTION  TIMING  ON  RJ-5  PERFORMANCE 


Beginning 


of 

In  ject  ion 

Fuel  Rate 
(lb/hr) 

Horsepower 

Thermal 

Efficiency  (X) 

Gal./Hp-hr 

RJ-5 

15° 

2.70 

6.00 

31 .52 

1.10  x  10'4 

RJ-5 

17° 

2.60 

5.97 

32.5% 

1.06  x  10'4 

RJ-5 

22° 

2.93 

6.43 

31.1% 

1.11  x  10"4 

were 

Installed  in 

the  injection 

pump  Instead  of 

the  10-mm  unit  used 

in  the 

previous  tests.  Certain  combinations  of  Injection  timing  and  fuel  rates 
resulted  In  abnormal  engine  operation,  and  the  fuel  delivery  rate  was  changed 
(increased  or  decreased)  to  obtain  normal  operation.  As  a  result,  the  data 
in  Table  16  were  not  obtained  at  constant  fuel  flow  rates.  Due  to  the  limited 
fuel  supply,  no  attempt  was  made  to  diagnose  these  difficulties. 

Over  the  timing  range  examined,  the  sensitivity  to  timing  changes  was  minimal, 
due  in  part  to  the  very  low  cetane  number  of  the  fuel,  which  was  evident 
during  engine  operation.  However,  the  change  in  fuel  delivery  rate  due 
to  barrel  and  plunger  variation  (10-  to  6-mm)  increased  the  efficiency  from 
26  to  32  percent  at  11°  timing,  with  a  corresponding  efficiency  increase, 

24  to  30  percent,  with  DF-2 .  Since  this  was  an  initial  investigation  with 
a  limited  quantity  of  test  fuel,  no  other  modifications  were  undertaken. 

The  low  cetane  number,  even  after  addition  of  0.5  wt%  amyl  nitrate,  caused 
some  operational  difficulties  and  a  further  cetane  number  increase  would 
have  been  desirable. 

Since  these  data  were  generated  at  partial  rack  settings,  there  was  excess 
air  available  for  combustion.  These  high-density  fuels,  at  the  same  fuel 
volume  delivery  rates,  would  thus  be  expected  to  produce  additional  power. 

At  maximum  rack  settings,  where  the  engine  nears  air-limited  combustion, 
the  additional  mass  of  fuel  delivered  may  not  produce  additional  power. 


To  investigate  this  possibility,  the  CLR  was  operated  with  DR-2  at  conditions 
representative  of  full  rack  settings  in  a  normally-aspirated  engine 
(i  °  0.70  based  on  exhaust  composition),  blends  of  DF-2  with  varying 
quantities  of  RJ-5  were  then  tested  at  the  same  volume  flow  rate.  A  blend 
of  50  utX  DP-2,  49.75  wtX  RJ-5  and  0.25  wtt  amyl  nitrate  produced  a  10-percent 
increase  in  horsepower  at  equal  rack  settings.  This  blend,  which  had  a 
14-percent  density  increase  relative  to  neat  DF-2,  also  showed  an  unexplained 
increase  in  volume  delivery  rate  at  the  fixed  rack  setting,  and  yielded 
a  3-percent  increase  in  power  per  gallon  of  fuel.  This  small  Increase  in 
power,  relative  to  the  density  increase,  could  be  an  indication  of  the  limited 
air  availability.  In  addition,  the  smoke  Increased  from  3.5-percent  opacity 
to  9  percent. 

After  evaluation  of  this  data,  along  with  the  physical  properties  of  the 
three  fuels,  their  relative  costs,  availability,  and  other  factors,  it  was 
decided  that  additional  research  would  be  concentrated  on  JP-10. 

A  brief  startability  test  was  conducted  in  the  CLR  engine  uaing  JP-10  without 
cetane  improver.  With  the  engine  warm,  68®C  (155°F)  water  Jacket  and  7l°C 
(160°F)  oil  sump,  it  could  be  started  and  operated  normally.  However,  after 
allowing  the  engine  to  cool  for  two  days  and  stabilize  at  ambient  conditions 
[23°C  (73°F)  water  and  oil  temperature),  starting  with  JP-10  was  achieved 
with  great  difficulty  and  poor  operation. 

As  a  result,  0.87  wt%  (1.0  vol%)  of  amyl  nitrate  was  added  to  the  JP-10 
before  further  operation.  The  fuel  was  then  examined  at  1000,  1500  and 
2500  rpm,  and  at  full,  three-quarters,  and  one-half  of  rated  power  engine 
loadings  at  each  speed.  Table  17  details  the  data  obtained.  This  data 
were  obtained  using  the  gross  heat  of  combustion  for  the  fuels.  When  recalculated 
using  the  net  heats  of  combustion,  no  significant  changes  were  noted.  Operation 
with  the  JP-10  was  completely  satisfactory,  although  there  was  slight  evidence 
of  low  cetane  number  even  after  the  amyl  nitrate  had  been  added.  The  cetane 
number  effect  was  not  believed  to  be  significant  enough  to  expect  any  field 
operational  difficulties. 
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TABLE  17.  CLR  ENGINE  PERFORMANCE  COMPARISON  OF  JP-IO^  WITH  DF-2 
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TABLE  17.  CLR  ENGINE  PERFORMANCE  COMPARISON  OF  JP-10fB)  WITH  DF-2^A^  (CONT’D) 
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Post-test  analysis  of  the  JP-10  data  showed  a  significant  Increase  In  the 
specific  range  of  this  fuel,  which  is  defined  as  the  number  of  horsepower- 
hours  that  can  be  obtained  per  gallon  of  fuel.  The  JP-10  fuel  showed  an 
increase  of  approximately  20  percent  in  range  compared  to  the  base  diesel 
fuel  at  high  speeds  and  loads.  This  fell  to  approximately  10  to  15  percent 
increased  range  at  lower  speeds  and  loads  and  would  provide  an  extension 
of  the  vehicle  driving  distance  of  approximately  these  percentages.  In 
addition,  use  of  the  JP-10  showed  a  consistent  reduction  in  smoke  emissions 
relative  to  the  diesel  fuel.  This  reduction  was  apparent  throughout  the 
speed  and  load  range,  but  was  most  evident  at  the  high-load  conditions. 

A  consistent  Increase  in  thermal  efficiency  was  noted  for  the  JP-10  fuel. 

Since  the  reason(s)  for  this  Increase  are  not  completely  understood,  more 
analysis  of  these  data  and  combustion  data  are  in  order. 

b.  DD3-53  Engine  Studies 

An  engine  performance  comparison  of  JP-10  with  DF-2  was  also  made  In  the 
Detroit  Diesel  3-53,  Table  18.  As  in  the  CLR  testing,  0.87  wt%  (1.0  vol%) 
of  the  cetane  number-improving  additive  amyl  nitrate  was  added  to  this  fuel. 

The  JP-10  and  the  DF-2  fuels  were  examined  at  1800,  2200,  and  2800  rpm  and 
at  full  and  three-quarters  of  rated  power  engine  loadings  at  each  speed. 

Table  19  details  the  data  obtained. 

Post-test  analysis  of  the  JP-10  data  showed  the  specific  range  to  be  approximately 
equal  to  the  expected  value  based  on  the  volumetric  heat  of  combustion  of 
this  fuel  except  for  the  data  obtained  at  1800  rpm  and  full-rack.  At  this 
engine  setting,  an  unexplained  reduction  in  the  thermal  efficiency  occurs. 

If  the  volumetric  fuel  rates  are  plotted  graphically  against  the  observed 
powers  for  these  two  fuels  at  1800,  2200,  and  2800  rpm,  three  pairs  of  consistent 
relationships  should  be  obtained  (Figures  18a,  18b,  and  18c).  These  relationships 
should  illustrate  the  effect  of  the  increased  energy  content  of  JP-10  compared 
to  DF-2  on  the  engine  performance  at  a  given  fuel  rate.  The  nonparallelism 
noted  in  the  1800-rpm  data  set  (Figure  18a)  makes  these  data  suspicious. 

During  the  engine  teat  runs,  the  JP-10  test  fuel  was  allowed  to  remain  In 
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TABLE  18.  DD3-53  ENGINE  CHARACTERISTICS 


Engine  Type 

Height  (dry),  kg  (lb) 

No.  of  cylinders,  arrangement 
Displacement,  liter  (cu.  In.) 
Bore  and  stroke,  era  (In.) 
Cylinder  block  oaterlal 
Rated  power,  kW  (hp) 

Maximum  torque,  Nm  (lb/ft) 
Compression  ratio 
Puel  system 

Gove rnor 
Oil  filter 
Oil  cooling 


Piston  description 
Material/design 
Ring  configuration 


Piston  cooling 


Normally  Aspirated,  tvo-cyclo 
compression  Ignition,  direct 
injection,  uniflow  scavenging 
431  (950) 

3  In  line 
2.6  (159) 

9.84  x  11.43  (3-7/8  x  4-1/2) 
cast  iron  (case  Iron  liners) 

72.3  (97)  at  2800  rpm 
278  (205)  at  1800  rpm 
21  to  l 

Unit  Injector  (N  50  needle  valve) 

(primary  and  secondary  engine  filters) 

Variable  speed  with  throttle  controls 

Pull-flow  single  filter 

Integral  heat  exchanger  using  100  percent 

Jacket-coolant  flow  capacity 

13.2  l  (14  qt) 

Cast  Iron/ trunk  type 

1  -  Pire  ring  (rectangular) 

3  -  Compression  rings  (rectangular) 

2  -  Oil  rings 

From  jet  in  top  of  connecting  rod 
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c.  2800  RPM  Data 


FIGURE  18.  EFFECT  OF  THE  INCREASED  ENERGY  CONTENT  OF  JP-10 
COMPARED  TO  DF-2  ON  THE  ENGINE  PERFORMANCE 
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the  engine  over  the  weekend,  and  the  engine  was  then  started  cold  without 
any  difficulty. 

c.  LD-465  Engine  Studies 

A  similar  performance  comparison  of  JP-10  with  DF-2  was  made  In  the  LD-465 
engine.  Table  20.  Unlike  the  previous  studies  conducted  with  the  DD3-53 


TABLE  20.  LD-465  CHARACTERISTICS 


No.  of  Cylinders 
Bore,  cm  (In.) 

Stroke,  cm  (In.)  ~ 

Displacement,  1  (in') 
Compression  Ratio 
Fuel  Injection  System 

Piston  Type 


6 

1.80  (4.56) 

1.92  (4.87) 

7.83  (4.78) 

22:1 

Bosch  Rotary  Distributor  with 
density  compensation 
Annulus 


and  CLR  engines,  no  cetane  Improver  additive  was  necessary  In  the  test  using 
the  LD-465  engine,  due  to  the  cetane  number  tolerant  design  of  this  multlfuel 
engine  family. 

With  the  LD-465  engine,  the  JP-10  and  the  DF-2  fuels  were  examined  at  1700, 
2000,  2300,  and  2600  rpm,  and  at  full,  three-quarter,  and  half  of  rated 
engine  loading  at  each  speed.  Table  21  details  the  data  obtained. 

Within  the  limits  of  experimental  error,  the  JP-10  showed  a  4-  to  6-percent 
Increase  In  power,  a  4-  to  11-percent  decrease  in  the  average  BSVC,  and 
a  0-  to  2-percent  decrease  In  the  thermal  efficiency.  The  JP-10  also  showed 
a  significant  increase  In  specific  range  of  approximately  4  to  11  percent. 

2.  Carbonaceous  Fuels 


A  series  of  diesel  fuels  containing  carbon  were  prepared  for  operation  in 
the  CLR  direct  Injection  diesel  engine.  The  carbon  suspensions  appeared 
stable  with  a  slight  Increase  in  viscosity,  but  when  attempting  to  operate 
the  engine  on  these  fuels.  It  was  found  that  the  fuels  thickened  with  time. 
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The  gear-type  fuel  transfer  pump  would  cause  the  carbon-containing  fuels 
to  thicken  quickly  and  finally  solidify  with  pumping.  As  a  result,  the 
fuel  would  change  during  the  engine  operation  period.  To  alleviate  this 
problem,  the  CLR  fuel  system  was  modified  to  deliver  the  carbon-containing 
fuels  to  the  fuel  injection  pump  using  pressurised  air.  This  modification 
appeared  to  allow  reasonable  engine  operation,  and  further  optimization 
of  engine-operating  conditions  and  engine  hardware  was  undertaken.  After 
some  initially  promising  results,  difficulty  was  again  experienced  with 
the  fuels,  possibly  due  to  deterioration  of  the  aluminum  octoate  suspending 
agent.  After  a  period  of  time,  the  carbon  fuels  would  become  unstable  and 
separate,  again  causing  problems  in  determining  actual  performance  of  the 
fuels  within  the  engine.  This  problem  of  carbon  separation  from  the  diesel 
fuel  was  finally  resolved  by  modifying  the  blending  procedure  and  formulation. 
Following  these  changes,  the  slurries  operated  satisfactorily,  although 
the  air-assisted  fuel  supply  system  was  still  required.  A  17  percent  carbon 
black  in  DF-2  blend  was  evaluated  in  the  CLR,  and  Table  22  gives  the  results 
of  these  initial  tests.  At  1200  rpm,  the  carbon  fuel  produced  a  higher 

TABLE  22.  CLR  PERFORMANCE  WITH  17  PERCENT  CARBON  BLACK  IN  DP-2 


Fuel 

Base 

VX  Carbon 

Base 

17X  Carbon 

Engine  Speed,  RPM 

1200 

1200 

1800 

1800 

Power,  bhp 

5.14 

5.03 

8.23 

9.17 

BSFC,  lb/bhp-hr 

0.512 

0.555 

0.580 

0.605 

bhp-hr/gal . 

13.82 

13.79 

12.20 

12.65 

n,  Thermal  Efficiency 

0.260 

0.246 

0.230 

0.226 

Exhaust  Temp,  °F 

830 

830 

1060 

1080 

Ignition  Delay,  °CA 

5.0 

5.0 

6.3 

6.4 

Avg  Rate  Press.  Rise, 
psi/’CA 

94 

100 

111 

111 

Est  %  Carbon  Burned* 

— 

68 

— 

90 

*  Based  on  equal  thermal  conversion  efficiency  and 
normal  DF-2  combustion  in  both  cases. 
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specific  fuel  consumption  on  a  mass  or  volume  basis.  Assuming  that  the 
carbon  black  would  have  the  same  thermal  conversion  efficiency  as  the  reference 
DF-2  test,  the  thermal  efficiency  achieved  indicates  that  68  percent  of 
the  carbon  black  was  utilized  at  this  condition. 

The  percent  of  carbon  utilized  was  estimated  by  assuming  that  the  diesel 
fuel  portion  of  the  slurry  was  burned  with  the  thermal  efficiency  of  the 
bracketing  base  fuel.  It  was  also  assumed  that  the  fraction  of  carbon  burned 
had  the  same  thermal  conversion  efficiency.  Any  loss  In  overall  thermal 
efficiency  was  due  to  some  portion  of  the  carbon  not  undergoing  combustion. 

Rased  on  these  assumptions,  the  percent  of  carbon  burned  can  be  calculated. 
However,  due  to  the  nature  of  the  fuel  and  fuel-handling  system,  these  assumptions 
would  be  expected  to  be  high  (numerically).  Thus  the  percent  carbon  burned 
would  be  a  pessimistic  estimate  of  the  actual  percentage  of  carbon  utilized. 

At  1800  rpm,  the  calculated  percentage  of  carbon  consumed  had  Increased 
to  90  percent,  and  the  fuel  showed  a  slight  improvement  in  volumetric  specific 
fuel  consumption  relative  to  the  base  fuel.  Since  higher  engine  speeds 
reduce  the  time  available  for  combustion,  this  increase  in  conversion  efficiency 
indicates  that  the  combustion  of  carbon  is  mixing-limited.  Thus,  the  increased 
air  swirl  at  increased  speeds  may  be  responsible  for  the  improvement  noted. 

Some  mechanical  difficulties  were  noted  when  using  this  fuel.  Because  of 
the  limited  fuel  availability  and  the  uncertain  effects  of  fuel  recycle, 
the  recycling  of  fuel  from  the  injection  pump  was  stopped.  This  action 
resulted  in  excessive  heating  of  the  injection  pump  and  unstable  fuel-delivery 
races,  which  was  alleviated  somewhat  by  cooling  the  pump  with  dry  ice. 

In  addition,  use  of  the  carbon  fuel  produced  Injector  nozzle  difficulties 
and  required  periodic  replacement  of  the  fuel  injection  nozzles. 

To  expand  upon  these  data,  a  slurry  composed  of  16  percent  carbon  black 
in  standard  diesel  fuel  was  then  formulated  for  further  testing  in  the  CLR 
engine.  The  slurry  was  examined  at  1000,  1500,  and  2500  rpm,  and  at  full, 
three-quarters,  and  one-half  of  rated  power  engine  loadings  at  each  speed. 

Table  23  details  the  data  obtained.  Although  a  compressed  air  system  had 
to  be  used  for  fuel  delivery,  and  the  injection  nozzles  had  to  be  replaced 
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TABLE  23.  CLR  ENGINE  PERFORMANCE  OF  16-PERCENT  CARBON  BLACK  IN  DF-2  COMPARED  AGAINST  DF-2 
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TABLE  23.  CLR  ENGINE  PERFORMANCE  OF  16-PERCF.NT  CARBON  BLACK  IN  DF-2  COMPARED  AGAINST  DF-2  (CONT'D) 
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several  times  during  the  operation,  the  engine  could  again  be  operated  satisfactorily 
on  this  carbon  slurry  fuel. 

Analysis  of  the  data  reveals  a  4-  to  12-percent  loss  in  the  thermal  efficiency 
in  these  test  runs,  with  the  calculated  specific  range  varying  from  an  8- 
percent  loss  to  a  2-percent  gain.  At  a  constant  fuel  injection  rate  per 
cycle  (constant  rack  setting),  the  utilization  of  the  carbon  generally  increases 
and  approaches  100  percent  as  the  speed  increases.  It  is  estimated  that 
the  carbon  utilization  under  these  test  conditions  may  have  varied  from 
a  low  of  7  percent  up  to  92  percent  or  higher.  The  carbon  slurry  would 
thus  be  expected  to  give  better  performance  in  a  more  turbulent  engine  design. 


V.  CONCLUSIONS  AND  RECOMMENDATIONS 


A.  GENERAL  CONCLUSIONS 

a  The  potential  of  high-energy  fuels  for  Army  ground  equipment  has 
been  confirmed 

0  Several  promising  high-energy  compositions  now  deserve  accelerated 
development  efforts. 

B.  SPECIFIC  CONCLUSIONS 


1.  Synthetic  Liquid  Hydrocarbon  Fuels 

•  Use  of  synthetic  liquid  hydrocarbn  high-density  fuels,  with  proper 
control  of  cetane  number,  can  increase  the  maximum  smoke-limited 
power  available  from  current  tactical  vehicles.  However,  such 
power  increases  will  Impose  an  additional  load  on  the  vehicle's 
cooling  system. 

e  These  high-density  fuels  can  be  used  to  extend  the  vehicle  range 
between  refuelings  wihtout  a  loss  of  vehicle  performance.  This 
could  be  accomplished  by  readjusting  the  vehicle  fuel  system  to 
reduce  the  maximum  fueling  rate. 
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•  These  fuels  appear  to  Improve  engine  thermal  efficiency  relative 
to  the  reference  fuel.  No  attempt  was  made  to  separate  cetane 
number  effects  from  other  fuel  effects. 

•  Since  there  was  no  attempt  to  optimize  the  engtne  design  and  operating 
parameters  for  these  high-energy  fuels,  It  would  he  Anticipated 

that  such  engine  optimization  would  Improve  the  performance  of 
these  fuels. 


2.  Carbonaceous  Fuels 

•  The  most  Important  factor  In  obtaining  stable  carbon  dispersions 
Is  the  physical  means  by  which  they  are  prepared  and  dispersed. 

•  The  extreme  viscosity  of  the  carbon  fuel  slurries,  combined  with 
the  tendency  to  thicken  on  pumping,  makes  these  fuel  difficult 
to  use  In  current  engine  fuel  handling  equipment. 

•  By  modification  to  the  fuel  transfer  and  fuel  handling  equipment, 
these  carbon  fuels  can  be  used  in  current  combustion  systems  for 
short  periods  of  time. 

•  Based  on  these  results,  a  significant  fraction  of  carbon  contained 
In  these  fuels  can  be  burned  In  current  high-speed  diesel  engines. 
The  combustion  of  this  carbon  appears  to  be  dependent  on  mixing 
rate,  and  therefore  high  turbulence  combustion  chambers  should 
Improve  carbon  utilization. 

•  Before  these  carbon  fuels  will  be  practical  for  field  use,  major 
changes  to  the  design  of  the  engine  fuel  handling  and  combustion 
systems  will  be  required. 
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B.  RECOMMENDATIONS 


It  is  recommended  that: 

•  Close  monitoring  of  the  research  being  conducted  by  the  Air  Force 
and  Navy  continue,  especially  In  the  area  of  slurry  preparation 
and  synthetic  liquid  hydrocarbon  fuels  In  order  that  no  duplication 
cf  effort  occurs. 

•  The  use  of  carbon  black  in  JP-10  and  diesel  mlcroemulslon  fuels 
should  be  explored  as  high-energy,  fin-resistant  fuel  possibilities. 

•  Full-scale  HEIT  ballistic  tests  similar  to  those  developed  at 
AFLRL  employing  76  liters  of  test  fut  hould  be  run  on  carbon 
slurried  fuels  and  JP-10  mlcroemulslons.  The  HEIT  tests  described 
in  this  report  were  inconclusive.  The  limited  availability  of 
samples  at  that  time  necessitated  the  uue  of  a  procedure  that 
required  a  relatively  small  sample.  Results  from  the  tests  indicated 
that  this  procedure  was  not  entirely  adaptable  to  the  fuels  tested. 

•  Studies  should  be  initiated  on  carbon  dispersions  (10-  to  20-percent) 

In  JP-10  to  supplement  the  Air  Force  and  Navy  on-going  programs. 

•  Other  high  energy  candidates  that  emerge  during  this  program  or 
from  the  research  of  others  ihou Id  be  examined  and  evaluated. 

e  Further  work  on  dispersants  and  surfactants  to  stabilize  carbon 
slurries  should  be  limited  until  a  fuel  has  been  formulated  that 
demonstrates  a  high  potential  for  further  development.  Since 
the  list  of  dispersing  agents  and  surfactants  are  almost  limitless, 
no  problem  is  anticipated  in  finding  such  an  agent. 

•  The  development  of  the  capacitance  method  for  measuring  the  sedimentation 
rate  of  slurries  should  be  completed. 
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*  •  Methods  for  Improving  the  cetane  number  of  the  synthetic  liquid 

hydrocarbon  fuels  should  be  investigated. 

•  The  thermal  efficiency  increases  observed  with  the  combustion 
of  the  synthetic  liquid  hydrocarbon  fuels  In  the  engines  should 
he  Investigated.  If  the  efficiency  Increase  cannot  be  fully  explained 
by  this  cetane  number  effects,  then  this  efficiency  improvement 
deserves  further  study. 

•  The  Impact  of  the  synthetic  liquid  hydrocarbon  fuels  on  vehicle 
signature  should  be  more  thoroughly  evaluated  since  these  polycondensed 
cycloparaf f ic  materials  may  Increase  smoke  emissions. 

•  The  relationship  between  combustion  chamber  turbulence  and  carbon 
utilization  noted  in  the  engine  studies  should  be  better  defined. 
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MILITARY  SPECIFICATION 

PROPELLANT,  HIGH  DENSITY  SYNTHETIC 
HYDROCARBON  TYPE,  GRADES  JP-9  AND  JP-10 

This  specification  is  approved  for  use  by  the  Department  of 
the  Air  Force  and  is  available  for  use  by  all  Departments  and 
Agencies  of  the  Department  of  Defense. 


1 .  SCOPE 

1.1  Scope.  This  specification  covers  two  grades  of  high  density  synthetic 
hydrocarbon  type  propellant. 

GRADE  DESCRIPTION 

JP-9  High  density  hydrocarbon  fuel,  composed 

of  three  different  components. 

JP-10  High  density  hydrocarbon  fuel,  composed  solely 

of  exo-tetrahvdrodKcvclopentadlenel . 

2.  APPLICABLE  DOCUMENT 

2.1  Issues  of  documents.  The  following  documents  of  the  issue  In  effect  on 
date  of  invitation  for  bids  or  request  for  proposal  form  a  part  of  this 
specification  to  the  extent  specified  herein. 

SPECIFICATIONS 


FEDERAL 

TT-E-485  Enamel,  Semi-gloss,  Rust  Inhibiting 

PPP-D-729  Drums,  Shipping  and  Storage,  Steel,  55-Gallon  (208 

Liters) 


MILITARY 

MIL-I-27686  Inhibitor,  Icing,  Fuel  System 


Benefioial  oomraenta  ( recommendations,  additions,  deletions)  and  any 
pertinent  data  whloh  may  be  of  use  in  improving  this  document  should 
be  addressed  to:  ASD/ENESS,  Wright-Patterson  AFB,  Ohio,  45433  by  using 
the  self-addressed  Standardization  Document  Improvement  Proposal 
(DD  Form  1426)  appearing  at  the  end  of  this  dooument  or  by  letter. 

FSC  9135 
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STANDARDS 

FEDERAL 

FED-STD-313 
FfcD-STD-79 1 

MILITARY 

MIL-STD-105 

MIL-STD-129 


Material  Safety  Data  Sheets,  Preparation  a;id  Submission  of 
Lubricants,  Liquid  Fuel  and  Related  Products,  Methods  of 
Testing 


Sampling  Procedures  and  Tables  for  Inspection  by  Attributes 
harking  for  Shipment  and  Storage 


(Copies  of  specifications,  standards,  drawings,  and  publications  required  by 
contractors  in  connection  with  specific  procurement  functions  should  be 
obtained  from  the  procuring  activity  or  as  directed  by  the  contracting 
officer.) 


2.2  Other  publications.  The  following  documents  form  a  part  of  this 
specification  to  the  extent  specified  herein.  Unless  otherwise  indicated,  the 
issue  in  effect  on  date  of  invitation  for  bids  or  request  for  proposal  shall 
apply . 


American  society  for  Testing  and  Materials  Standards 


ASTM 

D 

93 

ASTM 

D 

156 

ASTh 

D 

240 

ASTM 

D 

270 

ASTM 

D 

381 

ASTM 

D 

1)145 

ASTM 

D 

1298 

ASTM 

D 

1655 

ASTM 

D 

2276 

ASTM 

D 

2382 

ASTM 

D 

2386 

ASTM 

D 

32  4 1 

AS1M 

D 

3243 

ASTM 

E 

29 

Flash  point  by  Pensky-hartens  Closed  Tester 

Saybolt  Color  of  Petroleum  Products  (Saybolt  Chromooeter 

Method) 

Heat  of  Combustion  of  Liquid  hydrocarbon  Fuels  by  bomb 
Calorimeter  Test 

Sampling  Petroleum  and  Petroleum  Products 
Teat  for  Existent  Gum  in  Fuels  by  Jet  Evaporation 
Viscosity  of  Transparent  and  Opaque  Liquids  (Kinematic  and 
Dynamic  Viscosities) 

Test  for  Density,  Specific  Gravity,  or  API  Gravity  of  Crude 
Petroleum  and  Liquid  Petroleum  Products  by  hydrometer  Method 
Aviation  Turbine  Fuels  Standard  Specification 
Tests  for  Particulate  Contaminant  in  Aviation  Turbine  Fuels 
Test  for  heat  of  Combustion  of  hydrocarbon  Fuels  by  bomb 
Calorimeter  (High-Precision  Method) 

Test  for  Freezing  Point  of  Aviation  Fuels 

Test  for  Thermal  Oxidation  Stability  of  Aviation  Turbine  Fuels 
(JFTOT  Procedure) 

Test  for  Flash  Point  of  Aviation  Turbine  Fuels  by 
by  Setaflash  Closed  Tester 

Recommended  Practices  for  Indicating  Which  Places  of  Figures 
Are  To  be  Considered  Significant  in  Specified  Limiting  Values 


(Copies  of  these  standards  may  be  obtained  from  the  American  Society  for 
Testing  and  Materials,  1916  Race  Street,  Philadelphia,  PA,  191 03 . ) 
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Department  of  Transportation 


49  CFR  170-189  Department  of  lransportation  Rules  and  Regulations  of  the 

Transportation  of  Explosives  and  Dangerous  Articles 

(Qopies  of  these  documents  may  be  obtained  from  the  Superintendent  of 
Documents,  u.  S.  Government  Printing  Office,  Washington,  DC  20402.) 

3.  REQU1RE.MLNTS 


3.1  Materials .  Except  as  otherwise  specified  herein,  Grade  JP-9  fuel  shall 
consist  completely  of  a  mixture  of  three  specific  hydrocarbon  compounds,  and 
Grade  JR-10  shall  consist  solely  of  exo-tetrahvdrodl( cvclopentadlene) . 


3.2  Chemical  and  physical  requirements.  The  chemical  and  physical 
requirements  of  the  tinished  fuel  shall  conform  to  those  listed  in  table  1. 
Requirements  contained  herein  are  not  subject  to  corrections  tor  te3t 
tolerances.  If  multiple  determinations  are  made,  results  falling  within  any 
specified  repeatability  and  reproducibility  tolerances  may  be  averaged,  fcor 
rounding  off  of  significant  figures,  ASTh  £  29  shall  apply  to  all  tests 
required  by  this  specification. 


3.3  Additives.  The  additives  listed  shall  be  used  in  combination  in  amounts 
not  to  exceed  those  specified.  The  type  and  amount  ol  each  additive  used  shall 
be  reported . 


3-3-1  Antioxidants .  The  following  active  inhibitors  shall  be  blended 
separately  or  in  combination  into  the  fuel  in  total  concentration  of  90  parts 
per  million  (minimus)  to  110  parts  per  million  (maximum),  by  weight,  not 
including  weight  of  solvent, in  order  to  prevent  the  formation  of  polymeric 
oxidation  products: 

a.  2. 6-d 1- ter t-butv 1-4 -methyl  phenol 

b.  Duty  1-2 ,  4-dimethyl  phenol 

c.  2. b-di-tert-butvl phenol 

3.3-2  Fuel  system  Icing  inhibitor.  The  fuel  system  icing  inhibitor  shall 
conform  to  MIE-I-27666. 


3.1*  Workmanship .  Ihe  finished  luel  blend  shall  be  visually  free  from 
undlssolved  water,  sediment  or  suspended  matter  and  shall  be  clean  and  bright 
at  the  ambient  temperature  or  at  21°C  (70°F),  whichever  is  higher. 

QUALITY  ASSURANCE  PROVISIONS 


Responsibility  for  Inspections.  Unless  otherwise  specified  in  the 
contract,  the  contractor  is  responsible  for  the  performance  of  all  inspection 
requirements  as  specified  herein.  Except  as  otherwise  specified  in  the 
contraot ,  the  contractor  may  uae  Ms  own  or  any  other  facilities  suitable  for 
performance  of  the  inspection  requirements  specified  herein,  unless  disapproved 
by  the  Government.  The  Government  reserves  the  right  to  perform  any  of  the 
inspections  set  forth  in  the  specification  where  such  inspections  are  deemed 
necessary  to  assure  supplies  and  services  conform  to  prescribed  requirements. 
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4.2  GuaUt-.v  conformance  Inspection .  For  acceptance  purposes,  Individual  lots 
shall  be  examined  as  specified  herein  and  subject  to  tests  for  all  requirements 
cited  in  section  3- 

4.3  Inspection  lot 

4.3.1  Bulk  lot.  A  bulk  lot  shall  consist  of  an  Indefinite  quantity  of  a 
homogeneous  mixture  of  material  offered  for  acceptance  in  a  single  isolated 
container  . 

4.3.2  Packaged  lot.  A  packaged  lot  shall  consist  of  an  indefinite  number  of 
55-gallon  drums  or  small  unit  packages  of  identical  size  and  shape  offered  for 
acceptance  and  filled  from  the  Isolated  tank  containing  a  homogeneous  mixture 
of  material . 

4.4  paneling 

4.4.1  sampling  for  verification  of.  product  quality,  Each  bulk  or  packaged  lot 
of  material  shall  be  sampled  for  verification  of  product  quality  in  accordance 
with  aSTn  d  270,  except  where  individual  test  procedures  contain  specific 
sampling  instructions. 

4.4.2  Sampling  for  examination  of  filled  containers  for  delivery.  A  random 
sample  of  filled  containers  shall  be  selected  from  each  lot  in  accordance  with 
hIL-STD-105  at  inspection  level  II  and  acceptable  quality  level  (AQL)  of  2.5 
percent  defective,  lhe  samples  shall  be  examined  in  accordance  with  4.6.3 

4.5  inspection.  Inspection  shall  be  performed  in  accordance  with  method  9601 
of  FBD-STD-791. 

4.6  LMBinatlona 

4.6.1  Examination  of  product.  Samples  selected  in  accordance  with  4.4.1  shall 
be  visually  examined  for  compliance  with  3-5. 

4.6.2  Examination,  O.t  east!  Containers.  Prior  to  filling,  each  empty  unit 
container  shall  be  vi'ually  inspected  for  cleanliness  and  suitability. 

4.6.3  Examination  of  filled  containers.  Samples  taken  as  specified  in  4.4.2 
shall  be  examined  for  conformance  to  MIL-S1D-105  with  rogard  to  fill,  closure, 
sealing,  leakage,  packaging,  packing,  and  markings.  Any  container  having  one 
or  more  defects  under  tne  required  fill  shall  be  rejected.  If  the  number  of 
defective  or  underfilled  containers  exceeds  the  acceptance  number  for 
appropriate  plan  of  ML-STD-105 ,  the  lot  represented  by  the  sample  shall  be 
rejected . 

4.7  lest  methods.  Test  to  determine  conformance  to  chemical  and  physical 
requirements  shall  be  conducted  in  accordance  with  F'ED-STD-791 ,  ASTM  standards, 
or  in  the  case  of  unique  requirements,  the  test  procedures  as  outlined  in  table 
I  and  described  in  the  attached  Appendix. 

4.7.1  Thermal  stability 

4.7. 1.1  ASTM  D  3241  .  The  thermal  stability  test  shall  be  conducted  using  ASTM 
D  3241  (JFTOT).  The  heater  tube  shall  be  rated  visually. 
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4.7. 1.1.1  ASTM  D  4241  test  conditions 

a.  heater  tube  temperature  at  maximum  point:  300°C  (572°F) 

b.  Fuel  system  pressure:  3«43  MPa  [500  psig) 

c.  Fuel  flow  rate:  3.0  ml/mlnute 

d.  lest  duration:  150  minutes 

4.7. 1.1.2  Results,  lhe  fuel  sample  is  acceptable  if  all  the  following 
criteria  are  met : 

a.  The  maximua  differential  pressure  across  the  test  filter  does  not  exoeed  10 
millimeters 

b.  lhe  maximum  visual  rating  of  the  heater  tube  deposits  is  a  Code  2,  and  the 
visual  rating  of  the  heater  tube  shows  neither  peacock  type  deposits  (code  P) 
nor  abnormal  type  deposits  (code  A). 

4.7. 1.1.3  ASTM  D  1241  reported  data.  The  following  data  shall  be  reported: 

a.  Differential  pressure  in  millimeters  of  mercury  at  150  minutes,  or  time  to 
differential  pressure  of  10  millimeters  of  mercury,  whichever  comes  first 

b.  heater  tube  deposit  Visual  Rating  Code  at  the  end  of  the  test 

c.  If  a  Mark  8A  Tube  Deposit  Rater  (TDR)  is  available,  the  maximui  SPUN  TDR 
rating  shall  be  reported. 

4.6  Test  report,  lest  data  required  by  4.7  shall  be  reported  in  accordance 
with  ASTM  D  1655,  using  the  standard  ASTM  form  entitled  "Inspection  Data  on 
Aviation  Turbine  Fuels"  or  AFTO  Form  476  (see  b.2.1). 

5.  PACKAGING 

5.1  Packaging .  Packaging  shall  be  level  B. 

5.2  The  fuel  shall  be  In  55  gallon  druna  conforming  to  requirements  of 
PPP-D-729,  Type  II.  Each  drum  shall  contain  54  gallons  of  product.  Outside  or 
drums  need  not  be  phosphatized .  Exterior  coating  shall  conform  to  TT-E-485. 
bungs  need  not  be  painted.  Cap  seals  snail  be  applied  to  each  bung  and  vent. 

5.3  Blocking  and  bracing.  When  specified,  blocking  and  bracing  of  shipments 
in  designated  conveyances  shall  be  in  accordance  with  Department  of 
Transportation  (DOT)  regulations  and  best  commercial  practice. 

5.4  Marking  and  labeling.  Marking  shall  be  in  accordance  with  M1L-STD-129. 
Drtma  shall  be  labeled  in  accordance  with  DOT  regulations  for  flammable 
liquids.  Hash  point  shall  be  stenciled  on  each  drum. 

6.  NOTES 

6.1  Intended  use.  The  fuel  covered  by  this  specification  is  intended  for  use 
in  gas  turbine  engines  or  ramjet  engines  for  missile  application. 
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6.2  Ordering  data.  Procurement  dooumenta  should  speoify; 

a.  Title,  number,  and  date  of  this  specification 

b.  Quantity  required  and  size  containers  desired 

c.  Level  of  packing  required  (see  5-1). 

d.  When  blocking  and  bracing  is  specified  (see  5.2). 

e.  When  Material  Safety  Data  Sheet  is  required  in  accordance  with  'ED-STD-3'3 

6.2.1  Contract  data  requirements .  Data  as  required  by  4.8  to  be  si Omitted  as 
stated  on  DD  1423  and  incorporated  in  the  contract. 

6. 2. 1.1  Type  and  amount  of  additive  (3-3). 

6.3  Precaution  of  mixing  inhibitors.  To  prevent  any  possible  reaction  between 
the  concentrated  forma  of  the  different  inhibitors  (see  3-3)  the  fuel 
contractor  is  cautioned  not  to  commingle  inhibitors  prior  to  their  addition  to 
the  fuels. 


Custodians: 

Air  Force  -  1 1 


Preparing  activity: 
Air  Force  -  1 1 


Review  activities: 
Air  Force  -  68 


Project  Nr.  9135-F094 
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NAMES  AND  ADDRESSES  OF  THE  MANUFACTURERS  OR  DISTRIBUTORS  OF  THE 
CARBONACEOUS  MATERIALS  LISTED  IN  TABLE  5 
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APPENDIX  C 


DATA  USED  IN  THE  PREPARATION  OF  FIGURES  6,  8,  13  AND  14 


MIXING  DEVICES 


Composition: 


20.0  wt%  Carbon  Black  (Raven  1170) 
79.0  wt%  DF-2  (AL-6766F) 

1.0  wt%  Lecithin  (AL-7619A) 

Mixing  Time:  30  minutes 

Settling  Period:  48  hours 


Magnetic 


Attritor , 

%  C 

Homogenizer, 

%  C 

Blender, 

%  C 

Stirrer  5 
%  C 

Sections : 

1  (Top) 

IS. 9 

IS. 3 

21.2 

0.31 

2 

20.8 

22.0 

21.3 

12.4 

3 

20. S 

22.2 

21.2 

26.0 

4 

21.0 

25.4 

21.1 

27.0 

S  (Bottom) 

21.7 

24.8 

21.6 

30.0 

CARBON  CONCENTRATIONS 

Mixing  Device:  Homogenizer 
Mixing  Time:  30  minutes 
Settling  Period:  48.0  hours 


Wt.  Percent  Carbon  Charged 


(S%) 

(10%) 

(20%) 

(35%) 

Sections: 

%  C 

%  C 

%  C 

%  C 

%  C 

1  (Top) 

0.18 

0.16 

0.09 

14.2 

35.1 

2 

0.11 

0.16 

0.10 

20.6 

35.3 

3 

0.20 

0.24 

10.0 

20.8 

35.3 

4 

0.03 

3.78 

17.3 

21 .8 

34.7 

5  (Bottom) 

5. 35 

20.8 

26.9 

22.6 

35.7 

vu 
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APPENDIX  C 


DATA  USED  IN  THE  PREPARATION  OF  FIGURES  6,  8,  13  AND  14  (CONT'D) 


III.  DISPERSANTS 


Compositions : 

20.0  wt%  Carbon  (Raven  1170) 
79.0  wt%  DF-2  (AL-6766F) 
1.0  wt%  Dispersant 


or 

20.0  wt%  Carbon  (Raven  1170) 
79.7  wt%  DF-2  (AL-6766F) 
0.5  wt%  Aluminum  octoate 


In  All  Blends  except 
when  A1 -Octoate  is  used 


Mixing  Device:  Homogenizer 
Mixint  Time:  30  minutes 
Settling  Period:  48.0  hours 


Dispersants 


Lecithin 

TLA 

D-5200 

A1 -octoate 

Sections: 

%  C 

%  C 

%  C 

%  C 

1  (Top) 

IS.  3 

18.7 

14.2 

19.3 

2 

21.0 

20.3 

20.6 

21.0 

3 

22.2 

20.8 

20.8 

20.9 

4 

25.4 

20.8 

21.8 

21.1 

5  (Bottom) 

24.8 

21.2 

22.6 

21.6 

IV.  ATTRITION  TIME 

Composition: 

20.0  wt%  Carbon  (Raven  1170) 
79.0  wt%  DF-2  (AL-6766F) 
1.0  wt%  Lecithin 


Mixing  Device:  Attritor 

Settling  Period:  48.0  hours 


Attrition  Time  hours 


0.0 

0.5 

1.0 

5.0 

11.0 

Sections 

%  C 

%  C 

%  C 

%  C 

%  C 

1  (Top) 

0.12 

15.9 

19.7 

22.5 

18.1 

2 

17.8 

20.8 

20.9 

23.4 

21.7 

3 

33. S 

20.5 

20.7 

25.5 

22.0 

4 

35.7 

21.0 

20.4 

26.0 

22.0 

5  (Bottom) 

37.3 

21.7 

20.6 

25.9 

21.7 
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TRADE  NAMES  OF  DISPERSANTS  LISTED  IN  TABLE  7  AND  THE 
MANUFACTURER'S  NAMES  AND  ADDRESSES  (Cont'd) 
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APPENDIX  E.  PROGRAM  BRIEF 


Program  TW#: 
Sponsor: 

Contract  No.: 

SwRI  Project  No.: 
Start/ Complete  Dates: 


Development  of  Mist  Flashback  Fluid  Flammability  Test 

U.S.  Army  MERADCOM 

DAAD05-70-C-0250 

10-2798 

1970/1972 


Rsports  or  Publications:  Weatherford,  W.  D.,  Jr.,  and  Schaekel,  F.  W., "Emulsified  Fuels  and  Air¬ 
craft  Safely,”  AGARD/NATO  37th  PEP  Meeting  “Aircraft  Fuels,  Lubri¬ 
cants,  and  Fire  Safety,"  The  Hague,  Netherlands,  May  1971  (AGARD-CP- 
84-71.  pp.  21,1-21,12). 


Weatherford.  W.  D.  Jr.,  and  Wright,  R.  R.,  "Status  of  Research  on  Anti- 
mist  Aircraft  Turbine  Engine  Fuels  in  the  United  States,”  AGARD/NATO 
45th  PEP  Meeting  “Aircraft  Fire  Safety,”  Rome,  Italy,  AFLRL  No.  69, 
April  1975  (AGARD-CP-166,  pp.  2.  1-2,  12.  DDC  No.  AD-AOI 1341). 


PROGRAM  SYNOPSIS 


Technical  Objectives:  Develop  a  quantitative  bench-scale  laboratory  technique  for  assessing  differ¬ 
ences  in  mist  flammability  characteristics  among  various  flammable  liquids. 

Approach:  Fuel  IS  delivered  through  a  capillary  at  a  controlled  rate,  and  three  impinging  air  streams 
form  a  mist  at  the  point  of  impingement.  The  fuel  mist  passes  through  an  overwhelming  ignition 
source  to  avoid  marginal  ignition  problems.  The  extent  of  flashback  from  the  ignition  source  toward 
the  fuel  capillary  is  interpreted  as  a  measure  of  mist  flammability.  Flashback  is  recorded  utilizing  a 
video  camera  and  tape  recorder.  These  results  can  then  be  carefully  evaluated  at  some  later  time  by 
measuring  directly  from  a  graduated  scale  located  beyond  the  flame. 

Accomplishments:  A  mist  flashback  rating,  expressed  as  a  mean  distance  of  flashback,  is  assigned  to 
the  fuel.  This  average  rating  is  based  on  triplicate  experiments,  each  conducted  at  three  different  mis 
ting  air  rates  (ranging  from  relatively  low  to  extremely  high  shear  conditions),  i.e.,  the  average  of 
nine  values. 


The  sensitivity  of  this  measurement  technique  is  best  illustrated  by  describing  results  obtained 
with  a  series  of  fourteen  base-fuel  samples,  all  meeting  Jet- A  or  the  tentative  JP-8  specification.  The 
extent  of  mist  flashback  with  various  JP-8  neat  fuels  ranges  from  16.5  cm  (6.5  in.)  to  greater  than  20 
cm  (8.2  in.).  It  should  be  noted  that  JP-4  produces  a  mist  flashback  of  21  cm  (8.2  in.)  in  this  test 
procedure.  Hence,  the  most  flammable  JP-8  fuel  shown  in  this  figure  is  almost  indistinguishable 
from  JP-4  under  misting  conditions.  On  the  other  hand,  the  majority  of  the  fuel  samples  were  signifi¬ 
cantly  less  flammable  in  the  mist  form  than  this 
most  flammable  JP-8  fuel.  As  illustrated  in  the 
lower  right,  the  flash  points  of  these  various  sam¬ 
ples  ranged  from 46°  to64°C (1 14°  to  I48°F),  and 
no  correlation  between  flash  point  and  mist  flash¬ 
back  is  evident.  The  data  are  presented  in  terms  of 
the  product  of  surface  tension  and  density;  how¬ 
ever,  it  is  emphasized  that  the  controlling  physio- 
cochemical  properties  for  mist  flammability  in  this 
apparatus  have  not  yet  been  established,  and  the 
presentation  is  made  on  this  basis  only  as  a  graphi¬ 
cal  convenience. 
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Program  TWa;  Development  of  Impact  Dispersion  Fttrd  Flammability  Test 

Sponaor:  U.S.  Army  MERADCOM 

Contract  No.:  DAAD05-67-C-0J54  DAAD05-70-C-0250  D  AAK-7J-C  -0221 

DAA053-76-C-0003/DAAK70-78-C-(KK)| 

SwRI  Project  No.:  10-2078,  10-2798  10-3630/10-4296  10-5070 

Start/ Com  plate  OatM:  1969'  1 978  Continuing  Refinement  ol  Facility  and  Procedure' 

Reporta  or  Publications'.  Weatherford,  W.  D.,  Jr.,  and  Schaekcl.  1  .  W..  "I  nut  I  si  lied  Fuels  and  Aircraft 
Safely,”  AGARD/NATO  37th  PEP  Meeting  "Aircraft  Fuels,  lubricants,  and 
Fire  Safety,"  The  FJague,  Netherlands.  Mas  1971  (AG  \RI)-CP-84-7| ,  pp,  21, 
1-21,12). 

Weatherford,  W.  D.,  Jr.,  and  Wright.  I)  R.,  ''Status  of  Research  on  Antimist 
Aircraft  Turbine  Engine  Fuels  in  the  tinned  States,"  AGARD  NATO  45th 
PEP  Meeting  "Aircraft  Fire  Safety,"  Rome.  Itals.  April  1975  (AGARD-CP- 
166,  pp.  2,  1-2,  12.  DDC  No.  AD- AOI 1341 ). 

Weatherford.  W.  D  Jr.,  and  Schaekcl.  I  W. ,  "US.  Anns  Helicopter  Mod¬ 
ified  Fuel  Development  Program— Res  icss  of  Emulsified  and  Gelled  Fuel  Stud¬ 
ies,"  prepared  by  Southwest  Research  institute.  US  Arms  Fuels  and  lubri¬ 
cants  Research  Laboratory,  under  U.S  Army  Contract  No.  DAAK02-73-C- 
0221,  AFl.RL  No.  69.  June  1975  (DDC  No.  AD-A02J84X). 


PROGRAM  SYNOPSIS 

Technical  Objectives:  Develop  a  repeatable  bench-scale  laboratory  technique  lot  assessing  fire-safety  char¬ 
acteristics  of  various  flammable  liquids. 


Approach:  Impact  dispersion  experiments  arc  con 
ducted  in  a  well  ventilated  enclosed  facility  developed 
for  this  purpose.  These  tests  involve  allowing  a  2-ltier 
glass  vessel,  containing  about  1.2  kg  of  fuel,  to  fall 
freely  6  meters  onto  a  steel  target  plate,  originally 
embedded  in  concrete  and  surrounded  on  two  sides 
by  gas  pilot  flames.  In  the  present  facility,  the  target 
plate  comprises  a  horizontal,  elevated  2.5  cm-thick 
steel  plate  with  electric  surface  heaters  attached  to  us 
under  side  so  that  its  surface  temperature  can  he  ad¬ 
justed  and  controlled  independently . 

The  relatively  low  vertical  velocity  of  1 1  meters 
per  second  developed  by  the  glass  vessel  during  this 
free  fall  corresponds  to  total  occupant  survivability 
during  a  vertical  helicopter  crash,  but  it  is  near  the 
onset  of  marginal  survivability  .  The  glass  containers 
are  filled  to  an  ullage  of  about  2  percent  of  the  total 
volume  for  each  test .  A  television  camera  (with  zoom 
lens)  is  located  about  6  meters  from  the  impact  point, 
and  this  is  used  to  document  the  test  results  on  sideo 
tape  A  background  grid  provides  a  dimensional 
frame  of  reference,  and  subsequent  examination  of 
the  video  tape  by  slow  motion  (and  stop  action)  pro¬ 
vides  reduced  data.  Tests  are  conducted  at  several 
different  temperature  levels,  from  about  25°  to  99° 
by  preheating  the  fuel  sample  and  ihe  sieel  targei 
plate  to  the  desired  temperatures. 


Heated  Impact  /*.«</-  (M'  l*ih>t  Wr.n.  jnJ  I  uid  (  'ontainci 
W  ith  Solonoui  ftc-v.i-w  <1  .*iw  I’hotrei.iph) 


Peak  Splash  With  No  Fireball 
( Typical of  Annmtsi  Fuels) 


Accomplishments:  The  following  data  reduction  sys¬ 
tem  placed  the  impact  dispersion  results  on  a  semi- 
quantitative  basis.  A  rating  from  "A"  through  “E” 
is  assigned  to  the  results  of  each  experiment,  depend¬ 
ing  upon  the  observed  flammability  characteristics. 
These  range  from  "no  pilot  flame  enlargement"  for 
highly  effective  antimist  fuels  through  "pilot  dimen¬ 
sions  less  than  doubled,"  "pilot  flames  totally 
obscured  by  transient  mist  fireball"  (neat,  low-sola- 
tility  fuels),  to  "coalesced  fireball  with  simultaneous 
pool  burning"  (volatile  liquid  fuels)  This  method  of 
quantifying  the  results  of  impact  dispersion  tests  has 
proved  usable  and  correctable  w  ith  other  experimen¬ 
tally  measured  flammability  properties. 


Peak  M/sf  Fireball 
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Development  of  Simulated  Full-Scale  Ballistic  Test  for  Evaluation  of  Fluid 
Fire  Vulnerability 

U.S.  Amy;  MBRADCOM 

DAAG53-76-C-0003,  DAAK70-78-C-OOOI ,  DA  AK70-80-C-000! 

10-4296,  10-5070, 10-5857 
1976/prcaent 

Wright,  B.  R.  and  Weatherford,  W.  D.,  Jr.,  "A  Technique  for  Evaluat¬ 
ing  Fuel  and  Hydraulic  Fluid  Ballistic  Vulnerability/'  Interim  Report 
AFLRL  No.  89,  prepared  by  U.S.  Army  Fuels  and  Lubricants  Research 
Laboratory,  Southwest  Research  Institute.  Government  Accession  No. 

AD  AO55058,  April  1975. 

PROGRAM  SYNOPSIS 

Technical  Objectives:  To  develop  a  ballistic  test  that  evaluates  the  effectiveness  of  fire-resistant-fuel 
formulations  and  to  compare  flammability  characteristics  of  various  hydraulic  fluids. 

Approach:  A  relatively  inexpensive  ballistic  test 
procedure  has  been  developed  for  evaluating  the 
relative  fire  vulnerability  of  various  fluids  of  inter¬ 
est  for  Amy  applications.  The  technique  employs 
20-mm  HEIT  projectiles  fired  into  partially  filled 
fluid  containers,  and  yields  repeatable  results 
which  establish  both  transient  fireball  effects  and 
residual  burning  tendencies.  Appropriate  experi¬ 
mental  procedures  and  conditions,  such  as  target 
fluid  temperature,  were  established,  and  efficacy 
and  repeatability  were  evaluated  by  conducting  a 
total  of  184  experiments.  These  latter  experiments 
were  conducted  with  fire-resistant  fuel  (FRF)  and 
fire-resistant  hydraulic  fluid  (FRH)  candidates. 

The  resulting  experimental  data  agree  with  flam¬ 
mability  measurements  made  with  laboratory  and 
bench-scale  techniques  and  provide  an  apparently 
realistic  assessment  of  ballistic  vulnerability. 

Accomplishments:  A  new  flammability  test  proce¬ 
dure  has  been  developed  that  will  span  the  gap  be¬ 
tween  laboratory  scale  and  full-scale  ballistic  tests. 

The  20-mm  HEIT  projectile  has  proven  to  be  a 
very  energetic  and  repeatable  ignition  source,  and 
results  have  correlated  well  with  subsequent  test¬ 
ing  using  3.2-inch  precision  shaped  charges. 

BslUstk  Haas* 
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US  ARMY  ORDNANCE  CTR  &  SCHOOL 
ATTN  ATSL-CTD-MS  1 

ABERDEEN  PROVING  GROUND  MD  21005 

CDR 

US  ARMY  ENGINEER  SCHOOL 

ATTN  ATSE-CDM  1 

FORT  BELVOIR  VA  22060 
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CDR 

US  ARMY  INFANTRY  SCHOOL 
ATTN  ATSH-CD-MS-M 
FORT  BENNING  CA  31905 


US  ARMY  AVIATtON  CTR  &  FT  RUCKER 
ATTN  ATZQ-D  1 

FORT  RUCKER  AL  36362 

DEPARTMENT  OF  THE  NAVY 

CDR 

NAVAL  AIR  PROPULSION  CENTER 
ATTN  PE- 71  1 

PE-72  (MR  D'ORAZIO)  1 

P  0  BOX  7176 
TRENTON  NJ  06828 

CDR 

NAVAL  SHIP  ENGINEERING  CTR 

CODE  6101F  (MR  R  LAYNE)  1 

WASHINGTON  DC  20362 

CDR 

DAVID  TAYLOR  NAVAL  SHIP  R&D  CTR 
CODE  2830  (MR  C  BOSMAJIAN)  l 

CODE  2831  1 

ANNAPOLIS  MD  21402 

JOINT  OIL  ANALYSIS  PROGRAM  - 

TECHNICAL  SUPPORT  CTR  I 

BLDG  780 

NAVAL  AIR  STATION 
PENSACOLA  FL  32508 

DEPARTMENT  OF  THE  NAVY 
HQ,  US  MARINE  CORPS 
ATTN  LPP  (MAJ  SANBERG)  1 

LMM  (MAJ  GRIGGS)  1 

WASHINGTON  DC  20380 

CDR 

NAVAL  AIR  SYSTEMS  CMD 
ATTN  CODE  52032E  (MR  WEINBURG)  1 
CODE  53645  1 

WASHINGTON  DC  20361 

CDR 

NAVAL  AIR  DEVELOPMENT  CTR 

ATTN  CODE  60612  (MR  L  STALLINGS)  1 

WARMINSTER  PA  18974 


CDR 

NAVAL  RESEARCH  LABORATORY 
ATTN  CODE  6170  (MR  H  RAVNER)  1 

CODE  6180  1 

CODE  6110  (DR  HARVEY)  1 

WASHINGTON  DC  20375 

CDR 

NAVAL  FACILITIES  ENGR  CTR 
ATTN  CODE  1202B  (MR  R  BURRIS)  1 

CODE  120B  (MR  BUSCHELMAN)  1 

200  STONEWALL  ST 
ALEXANDRIA  VA  22322 

CHIEF  OF  NAVAL  RESEARCH 

ATTN  CODE  473  (DR  R  MILLER)  1 

ARLINGTON  VA  22217 

CDR 

NAVAL  AIR  ENGR  CENTER 

ATTN  CODE  92727  1 

LAKEHURST  NJ  08733 

CDR 

NAVY  FACILITIES  ENGRG  CMD 
CIVIL  ENGR  SUPPORT  OFC 
CODE  15312A  (ATTN  EOC  COOK) 

NAVAL  CONSTRUCTION  BATTALION  CTR 
PORT  HUENEME  CA  93043 

CDR,  NAVAL  MATERIAL  COMMAND 
ATTN  MAT-08T3  (DR  A  ROBERTS) 

CP6,  RM  606 
WASHINGTON  DC  20360 

CDR 

NAVY  PETROLEUM  OFC 
ATTN  CODE  40 
CAMERON  STATION 
ALEXANDRIA  VA  22314 

CDR 

MARINE  CORPS  LOCISTICS  SUPPORT 
BASE  ATLANTIC 
ATTN  CODE  P841 
ALBANY  CA  31704 

DEPARTMENT  OF  THE  AIR  FORCE 

HQ,  USAF 
ATTN  RDPT 

WASHINGTON  DC  20330 
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HQ  AIR  FORCE  SYSTEMS  CMD 

ATTN  AFSC/DLF  (LTC  RADLOF)  I 

ANDREWS  AFB  MD  20334 

CDR 

US  AIR  FORCE  WRIGHT  AERONAUTICAL 
LAB 

ATTN  AFWAL/POSF  (MR  CHURCHILL)  1 

AFWAL/POSL  (MR  JONES)  1 

WRIGHT-PATTERSON  AFB  OH  45433 

CDR 

USAF  SAN  ANTONIO  AIR  LOGISTICS 
CTR 

ATTN  SAALC/SFQ  (MR  MAKRIS)  1 

SAALC/MMPRR  (MR  ELLIOT)  1 

KELLY  AIR  FORCE  BASE,  TX  78241 

CDR 

US  AIR  FORCE  WRICHT  AERONAUTICAL 
LAB 

ATTN  AFWAL/MLSE  (MR  MORRIS)  1 

AFWAL/MLBT  1 

WRICHT-PATTERSON  AFB  OH  45433 

CDR 

USAF  WARNER  ROBINS  AIR  LOGISTIC 
CTR 

ATTN  WR-ALC/MMIRAB-1  (MR  GRAHAM)  1 
ROBINS  AFB  GA  31098 


OTHER  GOVERNMENT  AGENCIES 

US  DEPARTMENT  OF  TRANSPORTATION 
ATTN  AIRCRAFT  DESIGN  CRITERIA 
BRANCH  2 

FEDERAL  AVIATION  ADMIN 
2100  2ND  ST  SW 
WASHINGTON  DC  20590 

US  DEPARTMENT  OF  ENERGY 
DIV  OF  TRANS  ENERGY  CONSERV  2 

ALTERNATIVE  FUELS  UTILIZATION 
BRANCH 

20  MASSACHUSETTS  AVENUE 
WASHINGTON  DC  20545 

DIRECTOR 

NATL  MAINTENANCE  TECH  SUPPORT 
CTR  2 

US  POSTAL  SERVICE 
NORMAN  OK  73069 

US  DEPARTMENT  OF  ENERGY 
BARTLESVILLE  ENERGY  RSCH  CTR 
DIV  OF  PROCESSING  &  THERMO  RES  1 
DIV  OF  UTILIZATION  RES  1 

BOX  1398 

BARTLESVILLE  OK  74003 

SCI  &  TECH  INFO  FACILITY 

ATTN  NASA  REP  (SAK/DL)  1 

P  0  BOX  8757 

BALTIMORE/WASH  INT  AIRPORT  MD  21240 
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